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Rare earth elements (REs; Sc, Y, La – Lu) are critical components to many current applications 
and technologies making the synthesis of molecular compounds with specific and tunable 
properties highly desirable.  However, control of the coordination environment of REs can be 
challenging, due to the ionic nature of the metal-ligand bonds. Our studies have focused on the 
introduction of non-covalent interactions in the secondary coordination sphere of f-element 
BINOLate complexes, which enabled controlled f-element coordination environments in 
heterobimetallic and hydrogen-bonded frameworks. Reactivity and properties were tunable by 
interactions in the secondary coordination sphere, and had immediate applications to redox 
chemistry, coordination chemistry and asymmetric catalysis. Detailed spectroscopic and 
mechanistic studies were undertaken to understand the role of these interactions, and provide 
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Introduction and Outline of the Dissertation 
 
1.1 Outline of the Dissertation 
The major goal of the research presented in this dissertation was the rational design and 
construction of molecular complexes containing rare earth elements (REs) for applications in 
redox chemistry, coordination chemistry, and asymmetric catalysis. This was accomplished 
through application of non-covalent interactions in the secondary coordination sphere of RE 
complexes using 1,1′-bi-2-naphthol (BINOL) as a supporting ligand. Mechanistic studies were 
undertaken to establish the origin of unique reactivity and properties inherent to these systems, 
which have implications for the future rational design of RE complexes for each of these 
application areas.  
In Chapter 2, the synthesis and characterization of novel cerium heterobimetallic complexes, 
and examination of the role of ligand reorganization in the oxidation chemistry of Ce
III
 is 
described. Cerium compounds have found many diverse applications due to their accessible 
tetravalent oxidation state; however, synthesis of functionalized molecular Ce
IV
 compounds 
through oxidation reactions have proven challenging. Use of a cerium tris(BINOLate) 
heterobimetallic framework led to the first general examples of  oxidative functionalization, and 




 compounds whose properties were readily and 
rationally tuned by choice of redox-inactive metal. Mechanistic studies indicated that the oxidation 
of the Ce
III
 heterobimetallic frameworks with trityl chloride proceeded through an inner sphere 
mechanism, and demonstrated the role of ligand reorganization in the oxidation chemistry of Ce
III
.   
In Chapter 3, the reactivity studies of p–benzoquinone (BQ) with a series of rare earth/alkali 
metal/1,1′–BINOLate (REMB) complexes, [Li3(THF)4][(BINOLate)3RE(THF)] (3.1–RE; RE = La, 
Ce, Pr, Nd) are described. Coordination of BQ to 3.1–Ce resulted in the formation of a 2:1 
[Ce]:[BQ] complex, that displayed a net two electron reduction of the coordinated BQ moiety. 
Comparison of the measured redox potentials for BQ and 3.1–Ce indicated that a  ≥ 1.6 V shift in 





Other 3.1–RE (RE = La, Pr, Nd) did not reduce the BQ moiety, however, the doubly activated and 
highly electron deficient quinone participated in an intramolecular charge transfer (CT) interaction 
to form the first lanthanide quinhydrone-type CT complexes. The large shift in reduction potential 
observed for the 2:1 [Ce]:[BQ] complex illustrates the potential for Ce complexes to function both 
as a Lewis acids and electron sources in redox chemistry and organic substrate activation. 
In Chapter 4, the role of intra- and intermolecular ligand exchange and redistribution processes 
in the oxidation chemistry of Ce
III
 was investigated. Exchange and redistribution processes of 





NMR exchange spectroscopy (2D-EXSY). Rates and activation parameters for the exchange 
processes were possible, and indicated that they occurred at a rate faster than chemical 
oxidation. Combined spectroscopic and reactivity studies revealed that while ligand 
reorganization has a significant impact on the observed kinetics of the inner sphere oxidation of 
Ce
III
, product selectivity was due to ligand redistribution.  
In Chapter 5, the first uranium BINOLate complexes were prepared, and their reactivity was 





 cations to the reaction selectivity were addressed through control of the two 
different Lewis acid centers. We established that while the U
IV
 cation was not directly involved in 
activation of either substrate, the identity of the anionic ligand in the seventh coordination site 
impacted the observed selectivity. Notably, the tetravalent catalysts were more selective than 
RE
III
 catalysts with the same alkali metal cation and ionic radius. While the enantioselectivities 
obtained were only moderate, they represent the highest obtained with a uranium-based catalyst 
to date. Additionally, a simple work-up procedure was developed to obtain organic products free 
of the trace radioactivity present in the reaction mixtures. 
In Chapter 6, solution exchange processes in Shibasaki’s rare earth-alkali metal BINOLate 
frameworks (REMB) to probe the identity of the active catalyst(s) in Lewis-acid and Lewis-
acid/Brønsted base catalyzed reactions were examined. In the absence of protic substrate, 
BINOLate and Li
+
 cations were found to exchange readily under catalytically relevant conditions; 
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however, these processes were determined to be associative in nature.  This observation 
disfavors proposals of BINOLate dissociation to form coordinatively unsaturated bis(BINOLate) 
intermediates, [Lin(L)n][(BINOLate)2RE(L)n] (L = solvent or substrate) as relevant catalytic 
intermediates in the absence of protic substrate.  
Isolation of the first crystallographically characterized example of a substrate bound to the 
REMB framework was achieved, where stoichiometric and catalytic reactivity studies indicated 
that pronucleophile must be activated by the catalyst in order to produce enantioenriched product. 
Further spectroscopic investigations of Lewis-acid/Brønsted base mediated reactions indicated 
that complete loss of one or more BINOLate ligands occurred in both non-selective (Michael) and 
selective (Henry) reactions, where selectivity should rely largely on the pronucleophile pKa, and 
coordinaton preferences. Our observations implied the formation of RE/Li heterobimetallic 
species with less than three coordinated BINOLate ligands, and provides insight for future 
catalyst design.  
In Chapter 7, a novel non-covalent binding strategy for Shibasaki’s REMB framework , 
[M3(sol)n][(BINOLate)3RE], and use of the immobilized catalysts in an asymmetric Michael 
addition is described. Our studies represent the first example of a RE or heterobimetallic catalyst 
immobilized using an achiral support as a ligand and provided proof-of-concept for further study 
of this novel immobilization strategy.  
In Chapter 8, the discovery of novel hydrogen-bonded rare earth metal BINOLate complexes 
and their application as air-stable precatalysts for Shibasaki’s REMB frameworks is presented. 
Non-covalent interactions in the secondary coordination sphere direct the coordination 
environment of the RE complexes. Furthermore, the hydrogen-bonding interactions result in 
markedly improved moisture stability. This facilitated the development of an inexpensive 
synthesis of tetramethylguanidinium (TMG–H
+
) derivatives using hydrated RE starting materials 
to provide high yields of crystalline, non-hygroscopic complexes under open air on large scales. 
These serve as effective precatalysts, where we have demonstrated that our system performs 
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with comparable or improved levels of stereoselectivity in several mechanistically diverse 
reactions. 
The chemistry of the REs is typically not covered in many chemistry curricula, and so the 





 have been written concerning the general properties and applications of the 
REs, which are strongly encouraged for the interested reader. 
1.2 Introduction: Properties of the Rare Earth Elements 
The rare earths (REs) are a group of 17 elements, comprised of Y, Sc, and La – Lu, which exist 
predominantly in the trivalent oxidation state and are moderately abundant in the earth’s crust. 
Cerium is the 25
th
 most abundant element in the Earth’s crust, and has a similar crustal 
abundance to copper and nickel (Figure 1.2.1).
2b, 2e, 3
 Unlike similarly abundant transition metals, 
REs do not tend to concentrate in natural ore deposits. This, along with the chemical similarity of 




Figure 1.2.1 Natural abundance of the elements in the earth’s crust (Haxel, G. B., et al. U.S. 





Figure 1.2.2 Radial parts of the hydrogenic 4f, 5d, and 6s orbitals of the neutral cerioum ion 
plotted as the probability of finding an electron at the distance r from the nucleus (J. Chem. Educ. 
1964, 41, 357). Reproduced with permission of the American Chemical Society © 1964. 
 
The chemistry of the REs is quite different than that of the transition series, and is directly 
attributable to the nature of the 4f orbitals. 4f orbitals show limited radial extension compared to 
5d or 6s orbitals (Figure 1.2.2).
5
 This contraction prevents the direct participation of 4f orbitals in 
bonding, making the orbitals “core-like” in nature. As a result, the 4f electrons are largely 
unperturbed by ligand-field effects, which results in electronic and magnetic properties similar to 
the free ions.
2b, 2e
 These properties are critical to many applications of REs, which include their 
use in phosphors, sensors, contrast agents, imaging probes, as well as superconducting and 
hard magnetic materials. 
1a, 1h, 1j, k
 In addition to these unique electronic properties, the core-like 
nature of the 4f orbitals give rise to non-directional ionic metal-ligand bonds. This leads to high 




The contracted 4f orbitals lead to several interesting periodic properties for the lanthanoids (La 
– Lu), including the lanthanoid contraction (Figure 1.2.3).
2a, b
 The lanthanoid contraction is the 
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steady decrease in ionic radius with increasing atomic number (La – Lu), and is due to the poor 
shielding of nuclear charge by the 4f electrons.  The poor shielding results in increased effective 




Figure 1.2.3. Hydration enthalpy (blue) and ionic radius (red) plotted for the tripositive lanthanoid 
series.  
 
Another important property of RE cations is their high hydration enthalpy, which increases with 
Zef f  (Figure 1.2.3). The larger amount of positive charge localized on RE cations results in large 
enthalpic stabilization from the interaction with the negative portion of water dipoles. As such, the 
complete removal of water from the primary coordination sphere of RE cations is energetically 
costly. This is exemplified with the anhydrous synthesis of RECl3 salts.
7
 Complete removal of 
water by heat and dynamic vacuum is not possible without decomposition to mixed oxychlorides, 
and require the use of chemical dehydrating agents such as thionyl chloride to promote the 




Figure 1.2.4 Water exchange rates (log kex(s
-1
)) and the mean residence times (s) for primary 
shell waters of various aqua metal ions at 25 °C.  The dotted line represents Taube’s inert/labile 
boundary
8
 (Chemistry of the Aqua Ions, 1997, p. 64). Reprinted with permission of WILEY-VCH 
Verlag GmbH & Co © 1997. 
 
Although coordination of water and negatively charged ligands result in large enthalpic gains, 
the kinetics of ligand exchange are rapid for RE complexes.
9
 The highly ionic metal-ligand bonds 
formed in RE complexes display enhanced rates of ligand exchange compared to more covalent 
metal-ligand bonds. A comparison of water exchange rates of metal cations is displayed in Figure 
1.2.4, where water residence time in RE complexes are on the order of nanoseconds.
9
 Increased 
ligand lability can be an advantageous property for many applications inc luding contrast agents, 






Figure 1.2.5 Range of ligand pKa values associated with inorganic and organometallic lanthanide 
complexes (Angew. Chem. Int. Ed. 2002, 41, 3554-3572). Reprinted with permission of WILEY-
VCH Verlag GmbH & Co © 2002. 
 
REs display improved tolerance to hydrolysis compared to other strong Lewis acids (BF3, AlCl3, 
TiCl4, etc…), and has enabled the development of water-tolerant Lewis-acid catalysts in some 
instances.
9, 11
 The development of water tolerant RE catalysts is attractive as water is the most 
environmentally benign solvent, while rigorous exclusion of trace amounts of air and moisture can 
be difficult and costly on industrially relevant scales. Therefore the identification of RE complexes 
which are tolerant to moisture is highly desirable. Unfortunately, hydrolysis becomes prevalent 
with increasing pKa of the associated ligand (Figure 1.2.5). Even ligands that have lower pKas 
than free water can undergo hydrolysis, as coordination of water to a Lewis acid significantly 
increases the acidity of the attached protons.
9, 11a
 Furthermore, the insolubility of RE hydroxides 
further serve to drive these reactions. As one might imagine given their high pKa values, 
organometallic RE complexes readily undergo hydrolysis in the presence of moisture and require 




Figure 1.2.6 Reported Ce
III/IV
 potentials observed in aqueous (blue) and non-aqueous (red) 
conditions for different supporting ligand frameworks. Abbreviations: CAN, ceric ammonium 
nitrate; acac, acetylacetononate; TPP, tetraphenylporphyrin; COT, cyclooctatetraenide; 2-
(
t
BuNO)py, N-tert-butyl-N-2-pyridylnit roxide; EDTA, ethylenediaminetetraacetic acid. (Coord. 
Chem. Rev. 2014, 260, 21-36). Adapted with permission of Elsevier ©2014. 
 
The trivalent oxidation state is the most prevalent in RE chemistry ; however, tetravalent and 
divalent oxidation states can be stabilized. While supporting ligands do not induce large 
perturbations on the manifold of electronic states in REs; they do significantly contribute to the 
electronic environment at the RE cation through electrostatics.  Under acidic aqueous conditions 
Ce
IV 
is strongly oxidizing, E1/2 = +1.3 V versus Fc, whereas at high pH in carbonate buffer Ce
IV
 is 
significantly stabilized, E1/2 = –0.665 V versus Fc (Figure 1.2.6 ).
12
 The identity of the supporting 
ligand framework can also tune divalent redox potentials. Use of electron-deficient cryptands can 
shift the Eu
II/III
 by +700 mV compared to the free ion, resulting in a Eu
II
 ion that would be 
oxidatively stable under biological conditions  – a necessary prerequisite for their use as contrast 
agents in vivo.
11f
  The reduction potential of Sm
II/III
 can also be tuned, where use of more electron-
donating ligands can increase the thermodynamic potency of Sm
II
-based reducing agents by 
~600 mV versus the free ion.
13
  Tuning RE redox potentials by choice of appropriate ligand 
framework holds great promise for the development of new applications as well as the isolation of 




Figure 1.2.7 Critical materials for clean energy technologies and their supply risk (US 
Department of Energy, 2012). Figure reproduced with permission of the Department of Energy.  
 
Due to their unique properties, REs are critical components in many recent technologies. 
Several notable examples include NdFeB magnets, which are primary components for wind 
turbines, RE phosphors which are used in fluorescent light-bulbs, and cerium oxides which are 
used in automobile catalytic convertors.
2b, 2e, 14
 Their importance was further established in the 
2012 Critical Materials Strategy released by the US Department of Energy , where 8 of the 17 REs 
were listed as critical to applications in clean energy (Figure 1.2.7).
15
 The chemistry of the REs 
have found applications in a number of diverse application areas, and with the development of 
improved methods to control the coordination environment we anticipate that these areas will 
continue to grow.  
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The Impact of Ligand Reorganization on Cerium(III) Oxidation 
Chemistry: Tuning Reactivity and Electronic Properties within a 
Cerium Heterobimetallic Framework 
Abstract 
Cerium compounds have played vital roles in organic, inorganic, and materials chemistry due to 
their reversible redox chemistry between trivalent and tetravalent oxidation states. However, 
attempts to access molecular cerium complexes rationally in both oxidation states have been 
frustrated by unpredictable reactivity in cerium(III) oxidation chemistry. Such oxidation reactions 
are limited by steric saturation at the metal ion, which can result in high energy activation barriers 
for electron transfer. An alternative approach has been realized using a rare earth/alkali 
metal/1,1'–BINOLate (REMB; RE = rare earths; M = Li, Na, K, Cs; B = (S)-BINOLate; RE/M/B = 
1/3/3) heterobimetallic framework, which uses redox-inactive metals within the secondary 
coordination sphere to control ligand reorganization. The rational synthesis of functionalized 
cerium(IV) products and a mechanistic examination of the role of ligand reorganization in 
cerium(III) oxidation are presented. 
Adapted from work previously published in Angew. Chem. Int. Ed. 2012, 51, 10159–10163 
and J. Am. Chem. Soc. 2013, 135, 19016–19024 with permission of John Wiley & Sons © 















 and materials chemistry.
4
 In materials 
chemistry, cerium oxides and related ceria-zirconia solid solutions are widely used in oxidative 
and reductive applications including as heterogeneous catalysts in organic transformations,
5
 




 and in the water gas-shift reaction.
8
  
Applications of cerium reagents in molecular chemistry have largely focused on the strong 
oxidizing potential of Ce
IV
 in electron deficient ligand frameworks,
1-3, 3d-f, 9
 while the use of 
electron-rich frameworks to produce Ce
III
 reductants have received considerably less attention.
10
 
It is evident that the diverse application of cerium-based materials is not reflected by applications 
of its molecular compounds. To expand the chemistry of the Ce
III/IV
 couple, and to isolate new 
molecular Ce
IV
 moieties, predictable and controlled redox behavior for molecular cerium 
compounds must be established.  
Typically, investigations of the coordination chemistry of the rare earths have relied on the use of 
sterically bulky ligands to coordinatively saturate the ions. However, these ligands can result in 









, where several groups have reported a lack of generality in its oxidation 
chemistry (Scheme 2.1.1).
11




]3, which was measured as a point 
of reference for this study, shows a reversible Ce
III/IV
 couple at E1/2 = –0.30 V versus Fc in THF 
(experimental section, Figure 2.4.29). It is noteworthy that the strong oxidants AgBF4 (Epc = +0.41 





however, trityl chloride reacts quantitatively.
11e, 12
 These results suggest that the outcomes of Ce
III
 
oxidation reactions are difficult to predict solely on thermodynamic grounds, and that ligand 
reorganization could be a major determinant for these oxidations.
1c, 11a, 13
 
Kinetic aspects, such as ligand reorganization, have been implicated in the unpredictable 




 Reorganizational energy plays a 





Figure 2.1.1. Oxidants used to oxidize Ce[N(SiMe3)2]3 grouped by thermodynamically favorable 
and unfavorable couples relative to that observed for ClCe[N(SiMe3)2]3. Oxidants with accessible 
potentials that are unreactive are highlighted (red boxes) (Coord. Chem. Rev., 2014, 260, 21-36).  
Figure reprinted with permission of Elsevier © 2014 
 







properties and reactivity. While the impact of reorganization energy has been the subject of 
numerous studies, there have been limited reports pertaining to redox chemistry of the rare earth 
(RE) cations.
10a, 17 
This is surprising considering the predominantly ionic bonding observed in 4f 
systems.
1b, c
 At 4f cations, coordination spheres are typically sterically saturated, which would be 
expected to contribute to large reorganization energies.  
We hypothesized that controlling ligand reorganization would allow for the development of 
predictive Ce
III




 have investigated Shibasaki’s 
heterobimetallic framework: REMB, RE = rare earths; M = Li, Na, K; B = (S)-BINOLate; RE:M:B = 
1:3:3 (Figure 2.1.2). The REMB complexes have been used in asymmetric catalysis with great 
success.
20
 A key feature is the role of M in shaping the primary coordination environment at the 
RE; when M = Li the complex adopts an open conformation with one axial coordination site for a 
Lewis base, whereas M = Na and K adopt closed conformations with no space for a Lewis basic 






Figure 2.1.2. Shibasaki’s REMB framework. RE = Rare Earths; M = Li, Na, K; B = (S) – 
BINOLate; RE:M:B = 1:3:3. Figure reprinted with permission of the American Chemical Society © 
2013. 
 
Herein we report our investigation of the chemical properties and reactivity of a family of novel 
cerium heterobimetallic complexes, where the choice of alkali metal, M, controlled the ligand 
reorganization, electrochemical properties, and chemical reactivity of the complexes.
10a, 21
 
Through detailed electrochemical and chemical kinetics experiments we provide evidence that 
electron transfer rates from oxidation of the complexes fundamentally differ from their chemical 
oxidation rates, which implies a central role for ligand reorganization in Ce
III
 oxidation reactions. 
We demonstrate that by controlling ligand reorganization, different oxidation rates and outcomes 
can be achieved in heterobimetallic systems. For M = Li, general examples of inner sphere 
functionalization are achieved through complementary oxidative functionalization and salt-
metathesis routes, while for M = Na, K, or Cs salt-eliminated products were observed. The family 
of functionalized Ce
IV
 complexes displays tunable electronic properties largely through choice of 
M. Mechanistic insight is provided by chemical oxidation kinetics and isolation of model encounter 
complexes using triphenylphosphine oxide. Our experimental findings support an inner sphere 
oxidation mechanism predicated on the accessibility of the cerium cation (ligand reorganization), 




The syntheses of CeMB, M = Li, Na, K complexes were accomplished in 88–92% yield through 
salt metathesis or protonolysis routes (Scheme 2.2.1). Single crystal X-ray diffraction data for 
[M3(THF)x][(BINOLate)3Ce
III
(THF)y], M = Li, x = 4, y = 1 (2.1); M = Na (2.3), K (2.5), x = 6, y = 0; 
showed the CeMB complexes were isostructural to those reported for the early lanthanides (2.1, 
Figure 2.2.1).
18-19
  The synthesis for M = Cs will be discussed further in section 2.2.2. The 
1
H 
NMR data for 2.1, 2.3, 2.5, and 2.7 displayed D3 symmetric structures with six paramagnetically 
shifted BINOLate resonances and chemical shifts ranging from +10 to –3 ppm. With confirmation 
of the solid state and solution structures of the CeMB complexes in hand, we investigated their 
electrochemical behavior to study the kinetic and thermodynamic contributions to the oxidations 




Scheme 2.2.1. Synthesis of CeMB from salt-metathesis (1) or protonolysis routes (2). Note: For 
M = Na, K, and Cs the application of salt-metathesis (1) will produce 2.3, 2.5, and 2.7; however, 






Figure 2.2.1. Thermal ellipsoid plot of [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) with 30% 
probability thermal ellipsoids. An interstitial THF has been removed for clarity. Two THF 
molecules at Li(1) and Li(2) were modeled for positional disorder. Selected bond distances (Å): 
Ce(1)–O(1) 2.457(2), Ce(1)–O(2) 2.458(2), Ce(1)–O(3) 2.3787(16), Ce(1)–O(4) 2.432(3), Ce(1)–
O(5) 2.732(3), Ce(1)–O(6) 2.4585(19), Ce(1)–O(11) 2.556(3), Li(1)–O(1) 1.828(9), Li(1)–O(4) 
1.878(9), Li(2)–O(3) 1.910(5), Li(2)–O(6) 1.914(5), Li(3)–O(2) 1.869(7), Li(3)–O(5) 1.826(7). 
Figure reprinted with permission of the American Chemical Society © 2013. 
 
2.2.1 Synthesis and Characterization of Inner Sphere Functionalized Products (M = Li). 
 Inner Sphere Functionalization of [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) with Chemical 
Oxidants. The promise of using heterobimetallic frameworks for stabilizing Ce
IV
 complexes was 
initially realized through study of the scope of the oxidation (Scheme 2.2.2) chemistry of 
 [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1). Whereas previous conditions for successful Ce
III
 
oxidations have required judicious choice of ligand, solvent, and oxidant,
11a-d, 22 
oxidation 
reactions of 2.1 with trityl chloride did not display solvent dependence. The oxidation reaction of 
compound 2.1 with trityl chloride proceeded smoothly in coordinating (THF, DME) and non-
coordinating (toluene, CH2Cl2) solvents to yield [Li3(THF)5][(BINOLate)3Ce–Cl] (2.2–Cl, Figure 
2.4.66). Ligand substitution at the Li
+
 cations did not result in different oxidation outcomes; 
 20 
 
oxidation of [Li3(DMEDA)3][(BINOLate)3Ce] (2.1–DMEDA, Figure 2.2.1), or 2.1 followed by 
addition of 3 equiv of DMEDA to the crude oxidation mixture provided  
[Li3(DMEDA)3][(BINOLate)3Ce–Cl]·C5H12, 2.2–Cl(DMEDA) in 80% yield (Figure 2.4.67). 
Furthermore, the use of a different trityl halide, namely, trityl bromide, allowed the isolation of the 
[Li3(DMEDA)3][(BINOLate)3Ce–Br], 2.2–Br(DMEDA), in 85% yield (Figure 2.4.68).  
Recent work has emphasized that the choice of oxidant is critical to successful cerium 
oxidation reactions,
13, 22
 which prompted us to expand the oxidative chemistry of 2.1. Using the 
measured E1/2 value of 2.1 as a guide, Epa = – 0.45 V vs Fc in THF, we expected that N-
bromosuccinimide Epc = –0.37 V vs Fc in CH3CN,
23
 and iodine, Epc = –0.140 V vs Fc in CH3CN,
24
 
could serve as mild oxidants. Treatment of 2.1 or 2.1–(DMEDA) with 1 equiv of N-
halosuccinimide reagents (NCS, NBS, and NIS) or 0.5 equiv of iodine proceeded smoothly to 
Ce
IV
 products (Scheme 2.2.2).  
 
Scheme 2.2.2. Oxidative functionalization reactions of [Li3(THF)4][(BINOLate)3Ce(THF)]·THF, 




Upon work up and crystallization from concentrated solutions of THF layered with pentane, 
[Li3(DMEDA)3][(BINOLate)3Ce–X], 2.2–X(DMEDA) (X = Cl, Br, I) were obtained in 58–93% 
crystalline yield (Scheme 2.2.2). The oxidative functionalization of 2.1 was not limited to the 
transfer of halides. We previously reported the reaction of 2.1 with 0.5 equiv of 1,4-benzoquinone, 
BQ, which afforded the tetravalent dimer, [{[Li3(Et2O)3.5][(BINOLate)3Ce]}2(μ-O2C6H4)]·Et2O, 2.2–
BQ, in 89% yield (see Chapter 3 for further details).
10b
 The importance of these results is that the 
cerium(III) oxidation reactions are general for 2.1 using various oxidants and solvents, which is a 
major advance in the molecular chemistry of cerium. 
 
Figure 2.2.2. Thermal ellipsoid plot shown at 30% probability for  [Li3(DMEDA)3][(BINOLate)3Ce–
I] (2.2–I(DMEDA)). Selected bond distances (Å): Ce(1)–O(1) 2.309(4), Ce(1)–O(2) 2.278(3), 
Ce(1)–I(1) 3.1414(11), Li(1)–O(1) 1.863(12), Li(1)–O(2) 1.912(11). Adapted with permission of 
the American Chemical Society © 2013. 
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Single crystal X-ray data for oxidation products (X = Cl, Br, I) reveal seven coordinate Ce
IV
 ions 
in distorted face-capped octahedral geometries (Figure 2.2.2). Few examples of terminal Ce
IV
–
halides have been reported.
11a, b, 11d, 22b, 25
 The complexes 2.2–X(DMEDA) X = Br, I represent only 
the third and second structurally characterized cerium(IV) bromide and iodide complexes, 
respectively. The Ce
IV







), supporting the ionic nature of the Ce
IV
–X bond (Table 2.2.1).  
Scott and coworkers observed that the conformationally constrained tripodal amide framework, 





); however, this behavior was not observed for 1. Furthermore, although I2 and BQ could 
behave as inner or outer sphere oxidants,
26
 reactions with 2.1 only produced inner sphere 
functionalized products. 
 
Figure 2.2.3. Thermal ellipsoid plot shown at 30% probability for  [Li5(DMEDA)5][(BINOLate)10(μ-
OH)3(μ-O)Ce3] (2.2–9) (left) and stripped down core (right). Note: Only one molecule of the two 
crystallized in the asymmetric unit is shown. One molecule of water is coordinated to Li(2) and 
Li(3) and has been removed for clarity. In the stripped down core (right), DMEDA, and most of the 




The reactivity of 2.1 with other oxidants was also investigated. Reaction of 2.1 with small 







however, changes in solution color were observed. Exposure of 2.1 to ambient atmosphere 
resulted in the formation and isolation of a trinuclear Ce
IV
 μ-hydoxo-BINOLate cluster, 
[Li5(DMEDA)5][(BINOLate)10(μ-OH)3(μ-O)Ce3] (2.9), in 39% yield (Figure 2.2.3).   BnX (X = Cl, Br, 
I), PhEEPh (E = S, Se), Ph3P=E (E = S, Se, As), benzophenone, Ph2CN2, Ph3CN3, or Ph3OH did 
not oxidize 2.1 even in weakly or non-coordinating solvent such as Et2O or toluene, consistent 
with the formal potential of 2.1 determined by cyclic voltammetry measurements. Use of one 
equivalent of either (2,2,6,6-Tetramethyl-piperidin-1-yl)oxyl (TEMPO) or (
t
BuNO)2 resulted in color 
changes, but only partial conversion (~<10%) to diamagnetic compounds. Treatment of 2.1 with 
Cu
II
 sources such as Cu
II
X2 (X = Cl, Br) and Cu
II
(OTf)2 resulted in an immediate color change to 
dark purple; however, the observation of 2.2–X was not observed by 
1
H-NMR. Addition of 
DMEDA to the crude mixtures resulted in a color change back to yellow and appearance of 1.1–
DMEDA in the 
1
H-NMR. 
Installation of non-coordinating anions via oxidation with AgPF6 or [Fc][BAr4] (Ar = 3,5-C6H3-
(CF3)2) produced NMRs consistent with a D3 symmetric solution structure (see Experimental 
Section; 2.2–PF6). Only microcrystalline materials were obtained from various crystallization 
conditions, including the addition of donors such as phosphine oxides, pyridines and bipyridines. 
In one isolated case, crystallization of the reaction mixture of 2.1 with AgPF6 and excess DMEDA 
led to X-ray quality single crystals of [Li3(DMEDA)3][(BINOLate)3Ce–F] (2.2–F(DMEDA), Figure 
2.2.4). Presumably this occurred through fluoride abstraction from the PF6 anion, which is similar 
to the recently reported CeF[N(SiMe3)2], the first example of an organometallic cerium(IV) 
terminal fluoride.
27
 Unfortunately, crystallization conditions for 2.2–F(DMEDA) were irreproducible 
using several different sources of AgPF6.  Investigation of alternate fluoride sources such as 
Selectfluor
TM
, N-fluorobenzenesulfinimide, AgF, and AgF2 led to intractable mixtures. Further 
investigation of the thermal stability of 2.2–PF6 showed no decomposition even with heating at 
reflux temperature in THF for several days. Given the observed reactivity mentioned above, we 
 24 
 
believe that the formation of 2.2–F(DMEDA) was likely due to a trace impurity associated with the 
particular batch of AgPF6 and not fluoride abstraction. 
 
 
Figure 2.2.4. Thermal ellipsoid plot shown at 30% probability for  [Li3(DMEDA)3][(BINOLate)3Ce–
F] (2.2–F(DMEDA)). Selected bond distances (Å): Ce(1)–F(1) 1.923(3), Ce(1)–O(1) 2.306(3), 
Ce(1)–O(2) 2.341(3), Ce(1)–O(3) 2.289(3), Ce(1)–O(4) 2.342(3), Ce(1)–O(5) 2.315(3), Ce(1)–
O(6) 2.332(3), Li(1)–O(2) 1.900(8), Li(1)–O(3) 1.942(7), Li(2)–O(1) 1.884(7), Li(2)–O(6) 1.903(8), 





Inner Sphere Functionalization Through Salt Metathesis. Although oxidative functionalization of 
2.1 was successful compared to other cerium systems, this synthetic strategy is limited to 1 e
–
 
group-transfer oxidants. To demonstrate the utility of the Ce/Li platform further, we pursued 
functionalization through complementary salt metathesis routes. Access to cerium(IV) complexes 

















and an aryloxide (
–
OAr; Ar = 4-C6H4-Ph) readily afforded the inner sphere functionalized products 




 exchange was not observed within the 





Scheme 2.2.3. Salt metathesis reactions of [Li3(THF)5][(BINOLate)3Ce–Cl]·THF, 2.2–Cl. 
Reprinted with permission of the American Chemical Society © 2013. 
 
A unique example of a Ce
IV
 thiocyanate complex, [Li3(THF)5][(BINOLate)3Ce–NCS] (2.2–NCS), 
was obtained after a toluene extraction followed by crystallization from concentrated solutions of 
THF layered with pentane in 90% yield and displayed a single N=C stretch centered at 2038 cm
–1
 
(Figure 2.2.5). [Li3(THF)5][(BINOLate)3Ce–N3] (2.2–N3) and [Li3(DME)3][(BINOLate)3Ce– 
OAr]·2DME (2.2–OAr) were isolated in a similar manner in 82 and 60% yield respectively, where 
 26 
 
crystallization of 2.2–OAr was accomplished from concentrated solutions in DME layered with 
hexanes (Figure 2.2.6). 
 
Figure 2.2.5. Thermal ellipsoid plot shown at 30% probability for [Li3(THF)5][(BINOLate)3Ce–
NCS] (2.2–NCS). Two molecules crystallize in the asymmetric unit, where one molecule has been 
removed for clarity. Selected bond distances (Å): Ce(1)–O(1) 2.260(2), Ce(1)–O(2) 2.271(2), 
Ce(1)–O(3) 2.285(2), Ce(1)–O(4) 2.304(3), Ce(1)–O(5) 2.318(3), Ce(1)–O(6) 2.265(2), Ce(1)–
N(1) 2.414(4), N(1)–C(81) 1.161(6), C(81)–S(1) 1.615(4), Li(1)–O(2) 1.917(7), Li(1)–O(3) 
1.918(7), Li(2)–O(4) 1.848(7), Li(2)–O(5) 1.906(8), Li(3)–O(6) 1.920(8), Li(3)–O(1) 1.948(8), 
Ce(1ʹ)–O(1ʹ) 2.269(3), Ce(1ʹ)–O(2ʹ) 2.256(2), Ce(1ʹ)–O(3ʹ) 2.292(2), Ce(1ʹ)–O(4ʹ) 2.328(3), 
Ce(1ʹ)–O(5ʹ) 2.309(3), Ce(1ʹ)–O(6ʹ) 2.310(2), Ce(1ʹ)–N(1ʹ) 2.421(3), N(1ʹ)–C(81ʹ) 1.147(5), C(81ʹ)–
S(1ʹ) 1.620(4), Li(1ʹ)–O(2ʹ) 1.897(7), Li(1ʹ)–O(3ʹ) 1.922(7), Li(2ʹ)–O(4ʹ) 1.875(8), Li(2ʹ)–O(5ʹ) 
1.888(8), Li(3ʹ)–O(6ʹ) 1.935(7), Li(3ʹ)–O(1ʹ) 1.954(7). Adapted with permission of the American 




Figure 2.2.6. Thermal ellipsoid plots shown at 30% probability for [Li3(DME)3][(BINOLate)3Ce–
OAr] (2.2–OAr; Ar = 4-C6H4-Ph). Selected bond distances (Å): Ce(1)–O(1) 2.302(3), Ce(1)–O(2) 
2.319(3), Ce(1)–O(3) 2.312(3), Ce(1)–O(4) 2.294(3), Ce(1)–O(5) 2.358(2), Ce(1)–O(6) 2.327(3), 
Ce(1)–O(7) 2.191(4), Li(1)–O(2) 1.873(9), Li(1)–O(3) 1.878(9), Li(2)–O(4) 1.903(9), Li(2)–O(5) 
1.859(9), Li(3)–O(6) 1.915(8), Li(3)–O(1) 1.939(9).  Adapted with permission of the American 
Chemical Society © 2013. 
 
Bonding metrics of 2.2–NCS, 2.2–N3, and 2.2–OAr are displayed in Table 2.2.1. 2.2–NCS and 
2.2–N3 are isostructural and crystallize with two unique molecules in the asymmetric unit. The 
thiocyanate fragment of 2.2–NCS is N-bound with Ce
IV
–N bond distances of 2.414(4) and 
2.421(3) Å, which match well to terminal Ce
III
–NCS bond distances after accounting for 




–N distances in 2.2–N3 of 2.361(5) and 2.345(5) Å are similar 




–OAr bond distance of 2.2–
OAr is also in agreement with Ce
IV





OBINOLate and Li–OBINOLate distances vary slightly to accommodate the different Ce–X species (X = 
Cl, Br, I, O2C6H4, NCS, N3, OAr, Table 2.2.1 and Table 2.2.2). We propose that the 
heterobimetallic framework provides a flexible, yet-defined coordination environment, which 
facilitates straightforward and general oxidation and metathesis chemistry in good yields. 
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2.1 2.561(3) 2.427(10) 1.875(9) 0.77 
2.1–(DMEDA) --- 2.376(6) 1.903(21) 0 
2.1–TPPO 2.516(3) 2.427(3) 1.892(11) 0.788 
2.1–(TPPO)2 2.4255(2) 2.443(3) 1.859(11) 0.676, 0.680 
2.2–Cl 2.667(2) 2.301(6) 1.924(13) 0.449 
2.2–Cl(DMEDA) 2.7115(7) 2.325(4) 1.915(15) 0.626, 0.774 
2.2–Br(DMEDA) 2.896(3) 2.297(9) 1.875(4) 0.807 
2.2–I(DMEDA) 3.1414(11) 2.294(4) 1.888(15) 0.752 
2.2–NCS 2.4175(21) 2.284(3) 1.91(10) 0.566, 0.635 
2.2–N3 2.353(3) 2.306(3) 1.916(12) 0.689, 0.743 
2.2–OAr 2.191(4) 2.319(3) 1.894(11) 0.891 
2.3 --- 2.382(2) 2.302(3) 1.06 
2.4–BINOL --- 2.243(12) 2.416(12) --- 
2.5 --- 2.378(4) 2.626(5) 1.17 
2.6–BINOL --- 2.243(3) 2.734(2) --- 
2.6–Crown --- 2.240(20) 2.975(10) --- 
2.7 --- 2.379(6) 3.140(5) 0.018 
2.8 --- 2.201(7) 3.174(5) --- 
 
Additional metatheses candidates were investigated; however, several functional groups 
resulted in the reduction of the Ce
IV
 center to Ce
III
 (2.1, Scheme 2.2.4). Examples include 
carbanions, amides, and anilides, where similar outcomes have been observed for Ce
IV
 in other 
supporting ligand frameworks.
28a, 32
 In this context, although the Ce
IV
 center in 2.2–Cl was 
significantly stabilized over that of the commonly reported Ce
IV/III
 couple (1.3 V vs Fc; 1 M HClO4), 
the high Brønsted basicity of these functional groups resulted in facile reduction of the Ce
IV
 
center. In line with this logic, a less nucleophilic carbanion should be less susceptible to redox 
reactivity. Addition of tetrallyltin to 2.2–Cl or 2.2–I(DMEDA) showed no signs of reduction; 
however, no conversion from the starting 2.2–Cl was observed by 
1
H-NMR.  
Salt-metathesis of 2.2–Cl with NaSPh also resulted in reduction to 2.1; however, Brønsted 
basicity is unlikely the case. Unlike carbanions, amides, or anilides, thiophenolate has only a mild 
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Brønsted basicity (pKa = 10.3 in DMSO),
33
 suggesting that outer sphere reduction is unlikely. 2.1 
does not undergo oxidation with PhSSPh, suggesting that the thermodynamic preference is 
PhSSPh and 2.1 rather than formation of 2.2–SPh. As such, we believe that the initial salt 
metathesis proceeds; however, it is rapidly followed by single electron transfer to form 
diphenyldisulfide and 2.1. Additionally, halide exchange from silyl reagents such as NCSiMe3, 
N3SiMe3, and ClSiMe3 were investigated; however, disappearance of 2.2–Cl and the formation of 





Scheme 2.2.4. Attempted salt metathesis reactions of [Li3(THF)5][(BINOLate)3Ce–Cl]·THF, 2.2–
Cl.  
 
2.2.2 Synthesis and Characterization of Salt-eliminated Products (M = Na, K, Cs).  
The reactivity of the cerium heterobimetallic framework can be controlled by choice of alkali 
metal; while 2.1 readily undergoes oxidative functionalization, CeMB (M = Na (2.3), K (2.5)), 
undergo salt-elimination upon oxidation to form [M2(THF)n][(BINOLate)3Ce] (M = Na (2.4), K (2.6)) 
in quantitative yield (Scheme 2.2.5).
10a
 The preference for oxidative functionalization or salt-





Scheme 2.2.5. Oxidative functionalization (left) and salt elimination (right) reaction pathways 
observed for CeMB.  
 
There have been no reports of other metal cations in the REMB framework outside of the lighter 
alkali metals (M = Li, Na, K). We, therefore, pursued the synthesis of a heavier alkali metal 
congener (M = Cs (2.7)). Synthesis of analytically pure CeCsB (2.7) was possible following an 
analogous protonolysis route used for the lighter alkali metals
10a
 in 95% yield. Single crystals of 
2.7 could be grown from layering concentrated THF solutions with pentane at –35° C; however, 
the structural data obtained from single crystal X-ray diffraction studies were only suitable to 
establish connectivity. A preliminary solution revealed 2.7 as a C2 symmetric dimer in the solid 




)2(BINOLate)4Ce2] (Figure 2.2.7). The 
cerium adopted a distorted trigonal prismatic geometry; the primary coordination sphere 
consisted of two chelated terminal BINOLate fragments per cerium center and two bridging 
BINOLate fragments, where the Cs
+
 coordination environment is satisfied by Cs
+
-π interactions 
from the BINOLate naphthyl carbons. Also, a displacement of the cerium center from the M3 
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plane was negligible (0.018 Å) indicative of a relatively isolated Ce
III
 center that must undergo 




Figure 2.2.7. Capped-stick model of the unfinished X-ray structure of 
{[Cs3(THF)1.5][(BINOLate)3Ce]}2 (2.7) showing connectivity. Reprinted with permission of the 
American Chemical Society © 2013. 
 
Contrary to the C2 symmetric dimer of 2.7 in the solid state, the dimer dissociates to two 






H}-NMR in THF–d8 were consistent with the 
expected D3 solution symmetry observed for the lighter REMB complexes, while the DOSY NMR 
experimentally determined hydrodynamic radius (rH) of 2.7 agreed best 
with a monomeric solution structure (Section 2.4, DOSY, Table 2.4.1). Oxidation of 2.7 with trityl 
chloride proceeded to the salt-eliminated product that was isolated as the crystalline material, 
{[Cs2][(BINOLate)3Ce]·DME}∞ (2.8) in 79% yield (Scheme 2.2.5). 
X-Ray diffraction studies revealed considerable structural rearrangement in the salt-eliminated 
products. Crystallization of 2.4 and 2.6 with addition of different donor ligands, BINOL and 18–
Crown–6, [M2(THF)n(BINOL)][(BINOLate)3Ce] (M = Na (2.4–BINOL), K (2.6–BINOL)) and [K2(18–
Crown–6)2][(BINOLate)3Ce] (2.6–Crown, Figure 2.2.8) respectively, revealed a migration of M
+




Figure 2.2.8: Thermal ellipsoid plot of [K2(18-Crown-6)2][(BINOLate)3Ce] (2.6–Crown) with 30% 
probability thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.240(2), Ce(1)–O(2) 
2.233(2), Ce(1)–O(3) 2.241(2), Ce(1)–O(4) 2.234(2), Ce(1)–O(5) 2.255(2), Ce(1)–O(6) 2.236(2), 
K(1)–O(1) 2.938(2), K(1)–O(3) 3.214(2), K(1)–O(5) 2.748(2), K(2)–O(2) 2.904(2), K(2)–O(4) 
2.914(2), K(2)–O(6) 3.130(2). Reprinted with permission of John Wiley & Sons © 2012. 
 
axially cap the tris(BINOLate) framework and collapse of the primary coordination sphere to a 
distorted octahedron (Scheme 2.2.5). Complex {[Cs2][(BINOLate)3Ce]·DME}∞ (2.8) revealed 
another unique architecture for these Ce
IV
-BINOLate frameworks (Figure 2.2.9). In the solid state, 
2.8 was shown to be a coordination polymer. In this case, one Cs
+
 cation bridges to another 
repeating unit through OBINOLate–Cs and Cs
+
–π interactions. The bridging interactions resulted in 
infinitely repeating helices, where one complete helical turn consisted of ~6 CeCsB units with a 
Ce–Ce separation of ~36 Å.  
To the best of our knowledge, the Ce-BINOLate complexes represent the single reported f-
element system where the choice of alkali metal (M
+
) dictates whether selective oxidative 
functionalization or salt elimination occurs from the same ligand framework. Notably, the oxidation 
reactions of the heterobimetallic frameworks proceeded in high yields, and did not proceed by 
detrimental pathways such as ligand redistribution.
12b, 17b, 17d, 42
 The modular reactivity of CeMB 
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suggested that incorporation of redox-inactive metals can be an effective strategy for tuning 
reactivity and generating structural diversity within the same ligand framework. This is a 
particularly attractive attribute of the system, because lanthanide cations exhibit predominantly 





Figure 2.2.9. Thermal ellipsoid plot of {[Cs2][(BINOLate)3Ce]}∞ (2.8) with 30% probability thermal 
ellipsoids (right) and space-filling model of the infinitely repeating unit which forms endless helical 
chains. One BINOL fragment was modeled for positional disorder. Selected bond distances (Å): 
Ce(1)–O(1) 2.212(7), Ce(1)–O(2) 2.202(7), Ce(1)–O(3) 2.193(18), Cs(1)–O(1) 3.331(7), Cs(1)–
O(2) 2.999(9), Cs(2)–O(3) 3.048(16). Adapted with permission of the American Chemical Society 
© 2013. 
 
2.2.3 Electronic Properties of the Ce
IV
MB Complexes 
The electronic properties of Ce
IV
 complexes are of substantial interest to their redox 
applications hence, we set out to investigate the electronic properties of our family of structurally 
diverse Ce
IV
-BINOLate heterobimetallic complexes.  





2.1, 2.2–X(DMEDA) (X = Cl, Br, I) and 2.2–BQ were characterized 
through LIII-edge XAS to assign their oxidation states (Figure 3). As previously reported,
10b
 







 The XAS data for 2.2–X(DMEDA) (X = Cl, Br, I) support Ce
IV
 centers; the split features 




 and correspond to 
excitation of Ce
IV








, where L  indicates a 
ligand hole in this formalism ligand hole in this formalism).  
 
Figure 2.2.10. XANES Measurements of 2.1, 2.2–X(DMEDA), and 2.2–BQ. Adapted with 
permission of the American Chemical Society © 2013. 
 
Similar behavior was also observed for 2.2–BQ, where the two cerium centers were assigned 
as Ce
IV




 The XAS data for 2.2–X(DMEDA) 
support the assertion that the Ce
IV
 state is stabilized by the CeMB framework, and that no 
valence ambiguity occurs due to differences in halide nucleophilicity.
11a
  
Electrochemistry and UV-Vis. Cyclic voltammetry measurements for all of the complexes were 
conducted in THF using 0.1 M [NPr4][BAr
F
4] as the supporting electrolyte. Cerium-based 
reductions and return oxidation waves were observed for all Ce
IV
–X compounds, while the extent 
of electrochemical reversibility differed within the series. Values of E1/2 varied with the strength of 
the donor; a 200 mV range was observed for the series. The relatively small potential range can 
be rationalized from the ability of the ligands to compensate for each other, as evidenced by the 
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–X bond distances (Table 2.2.1 and Table 2.2.2). As the 
Ce
IV
–X bond distance becomes shorter, the average Ce
IV
–OBINOLate distances grow longer, which 
results in small variations of the total electron density at the Ce
IV
 center. 
In contrast, the identity of M
+
 resulted in a large range of potentials, over 880 mV within the 
same ligand framework. By decreasing the strength of the OBINOLate–M
+
 interactions more electron 
density is concentrated closer to the Ce
IV
 center, and shifts the Ce
III/IV
 couple to more negative 




 results in a 400 mV difference in observed potentials. 
Further tuning of the Ce
III/IV
 couple can be achieved by changing the neutral ligand, which 
attenuates the Lewis acidity of M
+
. The presence of a stronger ligand such as 18–crown–6 makes 
[K2(18–Crown–6)2][(BINOLate)3Ce] (2.6–Crown) more difficult to reduce than 
[K2(THF)4(BINOL)][(BINOLate)3Ce] (2.6–BINOL) by 445 mV. The culmination of all these effects 
makes 2.6–Crown amongst the most negatively shifted Ce
III/IV
 couples reported.
1a, 10c, 10e, 30b 
Compounds 2.2–X, 2.4, 2.6, and 2.8 are intensely colored purple and red complexes, and 
show broad absorption features in the visible spectrum that we have assigned as 
 
Figure 2.2.11. Electronic absorption spectra showing ligand to metal charge transfer (LMCT) 
absorption features of Ce
IV
MB, M = Li, Na, K, Cs. 2.2–Cl (green), 2.4–BINOL (orange), 2.6–
BINOL (brown), and 2.8 (red). (Inset) Plot of E1/2 vs LMCT max for 2.2–Cl, 2.4, 2.6, and 2.8. 



























 (Å) (Å) 
Li 2.2–Cl 2.05 –0.885 2.667(2) 2.301(6) 
Li 2.2–Cl(DMEDA) 2.05 –0.915 2.7115(7) 2.325(4) 
Li 2.2–Br(DMEDA) 2.05 –0.900 2.896(3) 2.297(9) 
Li 2.2–I(DMEDA) 2.05 –0.950 3.1414(11) 2.294(4) 
Li 2.2–NCS 2.04 –0.880 2.4175(21) 2.284(3) 
Li 2.2–N3 2.21 –0.997 2.353(3) 2.306(3) 
Li 2.2-OAr 2.07 –1.092 2.191(4) 2.319(3) 
Na 2.4–BINOL 2.20 –1.163 --- 2.243(12) 
K 2.6–BINOL 2.25 –1.245 --- 2.243(3) 
K 2.6–Crown 2.30 –1.685 --- 2.240(20) 
Cs 2.8 2.30 –1.275 --- 2.201(7) 
a – Measured by cyclic voltammetry in THF using a 3 mm diameter glassy carbon working 
electrode; ν = 100 mV/s; [Ce] ≈ 1 mM; [NPr4][BAr
F
4] ≈ 100 mM.  
 
ligand to metal charge transfer (LMCT) bands (Figure 2.2.11). The observed values of 
1/λmax(LMCT) and E1/2 trend to higher energies and more negative potentials with more electron-
rich Ce
IV
 centers. With the exception of 2.2–N3 (for further discussion, see Experimental Section, 
Figure 2.4.53), the inner sphere functionalized products, Ce
IV
–X, display little variation in 
1/λmax(LMCT) and E1/2 (Table 2.2.2). We postulate that the identity of X is only a minor contributor 
to the overall electronic environment of the cerium cation, and tentatively assign the LMCT as 
BINOLate-based in character. Similar to the reduction potentials, the identity of M
+
 greatly 
impacts the electronics at Ce
IV
, where a ~2,500 cm
-1 






Further support for the assignment of the LMCT feature came from electronic structure 
calculations using hybrid DFT. DFT calculations were performed on a truncated variant of 2.2–Cl, 
[Li3(OMe2)5][(Biphenolate)3Ce–Cl] (2.2–Cl(OMe2)), at the B3LYP/6-31G* level of theory with the 
core electrons of cerium represented by ECP28MWB.
37
 The bonding metrics for the optimized 
geometry of 2.2–Cl(OMe2) agreed well with those observed for the crystal structure of 2.2–Cl 
(Table 2.2.3), which supports that 2.2–Cl(OMe2) is an appropriate model for 2.2–Cl. The triply 
degenerate HOMO resides on the biphenolate ligand, whereas the LUMO represents an 
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unoccupied f-orbital (Figure 2.2.12). While time-dependent density functional theory (TD-DFT) 
would provide a more accurate description of the absorption spectra, the energy of the HOMO-
LUMO gap for 2.2–Cl(OMe2) (20,334 cm
-1
) was similar to that observed for experimentally 
observed transition in 2.2–Cl (20,354 cm
-1
). The use of heterobimetallic frameworks allows for a 
rational modulation of Ce
IV
 electronic properties and should be useful for future redox 
applications.  By increasing the Lewis acidity of the M, less electron density is donated to the Ce
IV
 




Figure 2.2.12 (A) Optimized geometry of 2.2–Cl(OMe2) determined at B3LYP/6-31G* level of 













Ce – OBINOLate 2.301(6) 2.331 
Ce – Cl 2.667(2) 2.707 
Li – OBINOLaste 1.924(13) 1.893 
Li – Osol 1.914 1.980 
Ce – M3 plane 0.449 0.647 
 
2.2.4 Inner Sphere Ligand Reorganization in Oxidation Reactions of CeMB (M = Li, Na, K, 
Cs)   
Prior to our studies, quantitative information on the impact of ligand reorganization on 
cerium(III) oxidation reactions was not available. Given that the choice of M
+
 determines the 
reactivity preferences of the CeMB system and affects the ability of the complex to reorganize for 
substrate binding at the rare earth cation in related REMB complexes,
18a-c, 19a, b
 we pursued 
voltammetric and spectroscopic studies to assess cerium(III) oxidation reaction kinetics further.   
Electrochemical Studies of CeMB (M = Li, Na, K, Cs). Electrochemical measurements were 





4 = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) as a supporting 
electrolyte to corroborate trends in solution electrochemical properties and chemical reactivity. 
Use of THF:CH3CN (1:6) improved solution resistances (≤ 150 Ω) for all CeMB complexes (Figure 
2.2.13a, Table 2.2.3), while preserving their solution structures. Addition of CH3CN increases the 
rate of ET, ks, because the higher dielectric reduces uncompensated solution resistances, while 
THF is necessary for solubility and preserving solution structure. 
Redox-inactive metal cations play unique roles in the electron transfer processes of 
biological
14b, 38
 and model systems,
39
 where the Lewis acidity of the cation has been shown to 
influence the formal potentials and the rates of heterogeneous and homogeneous ET signficantly. 





 couple, which is a greater range than that obtained to date through covalent 
modifications of a ligand framework.
40
   
The rates of electron transfer associated with the Ce
III/IV
 couple were also affected by the 








) in both 
solvent media investigated.  Comparison of ks values where E1/2 varies significantly, M = Li versus 
M = Na, K, Cs, is difficult as the thermodynamic driving force (ΔG
°
) and reorganization energy (λ) 
contribute to the overall rate of heterogeneous electron transfer, ks.
41
 For complexes 2.3, 2.5, and  
 
Figure 2.2.13. (A) Cyclic voltammograms measured for CeMB (M = Li (2.1), Na (2.3), K (2.5), 
and Cs (2.7)) in THF:CH3CN (1:6 v/v) using a 3 mm diameter glassy carbon working electrode; ν 
= 50 mV/s; [Ce] ≈ 1mM; [NPr4][BAr
F
4] ≈ 0.1 M. Dashed lines drawn to illustrate positions of E1/2. 
(B) Pseudo-first order rate data for 2.1, 2.3, 2.5, and 2.7 in THF using UV-Vis absorption 
spectroscopy; [Ce]:[Ph3CCl] = 1:10. 2.1 (green), 2.3 (orange), 2.5 (brown), 2.7 (red). Adapted with 
permission of the American Chemical Society © 2013.  

















        ks 



















1 2.7(Cs) –1.100 (–1.131) –1.290 (–1.231) 0.190 (0.100) 10.1 (33.2) THF 0.112 
2 2.5 (K) –1.065 (–1.145) –1.365 (–1.275) 0.300 (0.140) 8.95 (13.8) THF 0.216 
3 2.3 (Na) –0.905 (–1.073) –1.245 (–1.250) 0.340 (0.180) 6.08 (9.68) THF 1.93 
4 2.1 (Li) –0.475 (–0.665) –1.065 (–0.875) 0.590 (0.210) 4.34 (5.53) THF 30.0 
5 2.1–(DMEDA) (Li) –0.565 –1.085 0.520 --- THF 51.7 
6 2.1 (Li) --- --- --- --- Tol 150 
7 2.1 (Li) --- --- --- --- Tol 1.30 
e 
a – Measured by cyclic voltammetry in THF using a 3 mm diameter glassy carbon working 
electrode; ν = 50 mV/s; [Ce] ≈ 1mM; [NPr4][BAr
F
4] ≈ 0.1 M. Values in parentheses were obtained 
using THF:CH3CN (1:6) instead of THF. b – Calculated using Kochi’s method (see Supporting 
Information).
42
 c – Calculated using Nicholson and Shain’s and method (see Supporting 
Information).
43
 d –formation under pseudo-first order conditions using UV-Vis absorption 




2.7, values of E1/2 are basically conserved, so changes in ks directly reflect differences in 







), which prompted us to investigate the rates of chemical oxidation 
with trityl chloride to determine whether ligand reorganization affected chemical reactivity. 
Chemical Oxidation Rate Studies. Pseudo-first order rate studies were performed for the 
oxidation of CeMB with trityl chloride, monitoring the growth of characteristic CT absorption bands 
centered between 435–487 nm by UV-Vis absorption spectroscopy. Reactions were first order in 
the complexes and trityl chloride, where representative rate data are displayed in Figure 2.2.13b. 








), and differ by ≥250-
fold between 2.1 and 2.7 (entries 1–4). This was counter to expectations for an outer sphere 









). Notably, the trend for kobs does not follow reduction  
 
Figure 2.2.14. Proposed inner sphere mechanism for the oxidation of 2.1 with trityl chloride. 





potentials, and instead appears to follow the ability of the Ce
III
 cation to coordinate a seventh 
ligand. A proposed mechanism is provided in Figure 2.2.14. 
Similar behavior has been observed for reduction of organic substrates with Sm
II
, where the 
degree of coordinative saturation at the Sm
II
 ion will direct inner sphere or outer sphere ET 
processes.
44
 For inner sphere processes, coordinative saturation decreases the rate of chemical 
oxidation to Sm
III
, and rates do not follow with measured reduction potentials. This behavior is 
directly comparable to that observed for CeMB; [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) is the 
weakest reducing agent, but because it has the most accessible Ce
III
 center it undergoes the 
fastest rate of chemical oxidation.  Complex 2.1 readily supports a seventh ligand at the RE and 
can reorganize between six and seven-coordinate geometries at the cerium cation.  This enables 
coordination of the substrate (trityl chloride), which results in enhanced rates of reduction of the 
organic substrate. Reorganization of the ligand framework to a seven-coordinate Ce
III
 ion when M 




N,N′-Dimethylethylenediamine, DMEDA, is a useful mechanistic probe to determine the 
involvement of Li
+
 centers of the REMB framework in asymmetric catalysis.
18a, 18c, 45
 To probe the 
role of Li
+
 in the oxidation of 2.1, we subjected [Li3(DMEDA)3][(BINOLate)3Ce] (2.1–DMEDA) to 
pseudo-first order rate studies (see section 2.4 for further details). Previous studies of the REMB 
frameworks have revealed that coordination of DMEDA at the Li
+
 centers improves selectivity for 





studies of 2.1–DMEDA revealed a ~1.6 fold increase in kobs (Table 2.2.3, entry 5), which 
supported the assertion that the Li
+
 cation directs the ability of the Ce
III
 center to bind Lewis 
bases.  
The rate of an inner sphere ET process should be sensitive to competitive binding of a Lewis 
base at the Ce
III
 ion. Oxidation of 2.1 was investigated in the presence of varying equiv of 




Figure 2.2.15. kobs under pseudo-first order kinetics (1:10 [2.1]:Ph3CCl) in toluene in the presence 
of varying equivalents of TPPO (dotted line drawn as a guide for the eye). Adapted with 
permission of the John Wiley & Sons © 2012. 
 
kobs, consistent with competitive binding at the Ce
III
 center (Table 2.2.3, entries 6 and 7; Figure 
2.2.15). Our preliminary experiments suggested that the order of TPPO changes over the 
concentration range investigated. The order of TPPO is inverse first order for ratios of 
[TPPO]/[Ce] between 0.5 – 2.0, while higher concentrations are inverse second order in TPPO 
(see section 2.4. UV-Vis and Kinetics, along with Figure 2.4.61 for a more detailed discussion). 
Both concentration regimes implicate TPPO's involvement in the rate law, and are consistent with 
a competitive binding scenario for an inner sphere oxidation mechanism.  
TPPO and trityl chloride are structurally different than other Lewis bases that have been 
investigated in solution and solid state binding studies with the REMB framework, and could likely 
display different coordination preferences.
18a, 18c, 19b, 20a
 Shibasaki and coworkers have found that 
TPPO and substituted triarylphosphine oxides significantly enhance the stereoselectivity in the 
REMB catalyzed formation of cyanohydrins
46
 and 
2,2′-substituted terminal epoxides; however, previous mechanistic proposals have invoked 
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 In light of the differing binding proposals, as 
well as the complex reaction order observed for TPPO at different concentrations, we chose to 
investigate further the reaction of 2.1 with TPPO to elucidate the binding behavior of TPPO within 
the REMB framework. 
    TPPO Binding Studies.  Addition of 1 equivalent of TPPO to 
[Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) in THF, followed by layering with pentane afforded 
[Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–(TPPO)2) as the only crystalline product, instead 
of the intended 1:1 Ce:TPPO adduct (Figure 2.2.16).  A rational synthesis of 2.1–(TPPO)2 was 
readily accomplished by adding 2 equiv of TPPO to 2.1 in THF, which afforded 2.1–(TPPO)2 as 
light yellow crystals in 83% yield. Interestingly, a 1:1 Ce:TPPO adduct, 
[Li3(DME)3][(BINOLate)3Ce(TPPO)]·2DME (2.1–TPPO, Figure 2.2.17), can be obtained by 
 
Figure 2.2.16: Thermal ellipsoid plot of [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–
(TPPO)2)with 30% probability thermal ellipsoids. Interstitial THF and pentane were removed for 
clarity. Selected bond distances (Å): Ce(1)–O(1) 2.425(2), Ce(1)–O(2) 2.459(2), Ce(1)–O(3) 
2.422(2), Ce(1)–O(4) 2.447(3), Ce(1)–O(5) 2.430(3), Ce(1)–O(6) 2.462(2), Ce(1)–O(11) 2.427(3), 
Li(1)–O(2) 1.886(7), Li(1)–O(3) 1.799(7), Li(2)–O(4) 1.915(8), Li(2)–O(5) 1.865(8), Li(3)–O(6) 





layering concentrated DME solutions with pentane and can be isolated as light yellow crystals in 
82% yield. 2.1–TPPO and 2.1–(TPPO)2 are unique examples of phosphine oxide coordinated in 
the REMB framework, and provide direct structural evidence that the central RE
III
 can readily 
accommodate coordination of phosphine oxides and structurally similar ligands. 
Crystals of 2.1–(TPPO)2 dissolved in toluene–d8 or THF–d8 displayed fluxional solution behavior 










H}-NMR spectra recorded at 300 K. One 
7
Li signal was 
observed, consistent with 3 chemically equivalent Li ions due to rapid TPPO/THF exchange on 
the NMR time scale. Two broad 
31
P signals were observed in a 1:1 ratio representative of slow 
exchange on the NMR time scale of TPPO bound at the cerium (44 ppm) and lithium (31 ppm) 
cations (see section 2.4 for further details). Interestingly, the relevant stoichiometry used in  
 
Figure 2.2.17: Thermal ellipsoid plot of [Li3(DME)3][(BINOLate)3Ce(TPPO)]∙DME (2.1–TPPO) 
with 30% probability thermal ellipsoids. An interstitial DME was removed for clarity. Selected bond 
distances (Å): Ce(1)–O(1) 2.429(2), Ce(1)–O(2) 2.3815(19), Ce(1)–O(3) 2.4828(17), Ce(1)–O(4) 
2.4034(19), Ce(1)–O(5) 2.4390(18), Ce(1)–O(6) 2.418(2), Ce(1)–O(13) 2.5165(19), Li(1)–O(2) 
1.865(5), Li(1)–O(3) 1.890(5), Li(2)–O(4) 1.906(6), Li(2)–O(5) 1.907(7), Li(3)–O(1) 1.903(5), 









H}-NMR consistent with TPPO bound at the Ce
III















H}-NMR were performed to gain insight and 
thermodynamic information about the ligand exchange processes. In toluene–d8 at 250 K the 





















H}-NMR (right) for 
[Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–(TPPO)2) taken in Tol–d8 from 250 K to 325 K. 
Reprinted with permission of the American Chemical Society © 2013. 
 








H}-NMR spectra over the range of 250 K to 
325 K (see section 2.4 for further details) allowed an estimation of the free enthalpy of activation 
(ΔG
‡
) for the ligand exchange processes.
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 Barriers obtained for the exchange of TPPO between 
Li centers and between the Li and Ce centers were 11.4 kcal/mol and 12.6 kcal/mol respectively. 
These barriers are accessible at room temperature, and corroborate the observed inhibition 





are saturated, consistent with the inverse second order dependence of TPPO. At lower 
concentrations the competitive binding of TPPO between the multiple Lewis-acid sites limits the 
coordinative saturation at the Ce
III
 cation.  
Our proposed mechanism to explain the reactivity of [Li3(THF)4][(BINOLate)3Ce(THF)]·THF 
(2.1) with trityl chloride is shown in Figure 2.2.14. Compound 2.1 undergoes reversible ligand 
exchange, where dissociation of neutral ligand at Ce
III
 results in an open coordination site. The 
rate-determining step is association of trityl chloride to form the transient encounter complex, 
which undergoes rapid ET to form the oxidatively functionalized product, 2.2–Cl and trityl radical. 
Association of trityl chloride is inhibited by the addition of Lewis bases, like TPPO, which compete 




We have demonstrated that the choice of redox-inactive metal, M, has a dramatic impact on 
ligand reorganization, which impacts both thermodynamic and kinetic aspects of cerium(III) 
oxidation reactions. Choice of M facilitates divergent oxidation reactivity utilizing the same ligand 
framework and oxidant; in the case of M = Li, the first general examples of inner sphere 
functionalization were achieved through oxidative functionalization and salt-metathesis, whereas 
M = Na, K, and Cs undergo salt elimination pathways.  Our studies offer an alternative and 
complementary strategy to oxidant-directed product outcomes, and have furnished novel Ce
IV
 
complexes in straightforward routes in high yields. 
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 compounds are also readily tuned by the Lewis 
acidity of M. The most dramatic effects were observed with the Ce
IV
 complexes where the 
unprecedented range of E1/2 (~800 mV) and CT band position (2500 cm
-1
) highlights the potential 
of incorporating redox-inactive metals to fine-tune electronic properties at the cerium cation. 
Our mechanistic investigations have provided quantitative insights into the impact of ligand 
reorganization on Ce
III
 oxidation reactions. We have found that ligand reorganization is critical to 
facilitate inner sphere oxidation reactions effectively; [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) 





)2(BINOLate)4Ce2]  (2.7), and this is due to the more accessible Ce
III
 cation rather than 
values of ks or E1/2. Binding studies with triphenylphosphine oxide provide energetic estimates for 
ligand exchange processes, and further support our proposed inner sphere oxidation mechanism. 
Furthermore, the TPPO binding studies clarify the role of phosphine oxide in REMB catalyzed 
asymmetric reactions. 
The development of predictable Ce
III
 oxidation chemistry can be readily accomplished through 
control of ligand reorganization. Heterobimetallic frameworks are beneficial in these regards, and 
we expect that these findings will contribute to the rational design and synthesis of functionalized 
cerium platforms for various redox applications. Further studies on the oxidation behavior of rare 
earth BINOLate heterobimetallic complexes related to Lewis acid promoted potential shifts 
(LAPPS) and ligand redistribution are discussed in Chapters 3 and 4, respectively. 
2.4 Experimental Section 
General Methods. All reactions and manipulations were performed under an inert atmosphere 
(N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. Glassware was 






H}NMR spectra were obtained on a 
Bruker AM-500 or Bruker UNI-400 Fourier transform NMR spectrometer at 500 and 126 MHz or 




H}-NMR were recorded on a Bruker AM-500 or Bruker UNI-







spectra were obtained on a Bruker UNI-400 at 162 MHz. All spectra were measured at 300 K 
unless otherwise specified. Chemical shifts were recorded in units of parts per million downfield 
from residual proteo solvent peaks (
1












H} spectra were referenced to external solution standards of LiCl in H2O (at zero ppm) and 
H3PO4 (at zero ppm) respectively. All coupling constants are reported in hertz. The infrared 
spectra were obtained from 400-4000 cm
–1
 using a Perkin Elmer 1600 series infrared 
spectrometer. Elemental analyses were performed at the University of California, Berkeley 
Microanalytical Facility using a Perkin-Elmer Series II 2400 CHNS analyzer. 
Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Deuterated solvents were purchased from Cambridge 
Isotope Laboratories, Inc. and stored over potassium mirror overnight prior to use. N,N'–
dimethylethylenediamine (DMEDA, Alfa Aesar) was dried over potassium hydroxide and 
fractionally distilled at ~120 °C under nitrogen. Following distillation, DMEDA was degassed using 
three freeze-pump-thaw cycles and stored for 24 h over 4 Å molecular sieves. Trityl chloride was 
purchased from Acros Organics and used without further purification. Iodine was purchased from 
Alfa Aesar and sublimed using standard laboratory protocols prior to use. Ferrocene was 
purchased from Acros Organics and sublimed before use. N-chlorosuccinimide, N-
bromosuccinimide, and N-iodosuccinimide were purchased from Sigma-Aldrich and used without 
additional purification. Sodium 4-phenyl phenolate was prepared from the deprotonation of 4-
phenyl phenol with sodium hexamethyldisilazane in Et2O. Sodium azide and sodium thiocyanate 
were dried under vacuum at 150°C overnight. Caution! Care should be taken in the handling and 
disposal of sodium azide; when combined with metals, sodium azide can form shock sensitive 











 were prepared according to literature procedures. 
XANES. X-ray absorption data were collected at the Standford Synchrotron Radiation 
Lightsource (SSRL) on beamline 4-3 using a double Si(111) crystal monochromator, detuned by 
50% to reduce unwanted harmonics. Samples were prepared in an inert atmosphere glove box, 
ground together with a boron nitride matrix, and mounted in a slotted aluminum holder with 
indium–Sealed aluminized mylar windows. Data were collected in transmission mode, and a 
linear pre-edge background was removed.  
Synthetic Details and Characterization 
Synthesis of [Li3(THF)4][(BINOLate)3Ce(THF)]∙THF (2.1) A 125 mL side-arm flask was charged 
with Li2(S)–BINOLate (2.28 g, 7.7 mmol, 3 equiv; FW: 298.18 g·mol
-1
), THF (60 mL), and a 
Teflon-coated stir bar. Ce(OTf)3 (1.50 g, 2.6 mmol; FW: 587.33 g·mol
-1
) was added as a solid to 
the stirred THF solution. After ~10 min the stirred solution turned light yellow and clear. The 
reaction mixture was stirred at room temperature for 12 h and the solvent was removed under 
reduced pressure. The yellow residue was suspended in CH2Cl2 (30 mL), filtered through a 
Celite-packed coarse porosity fritted filter, and the solid was rinsed with CH2Cl2 (3  5 mL). The 
CH2Cl2 was then removed from the filtrate under reduced pressure to provide crude 2.1 as a tan 
solid. The complex was purified through crystallization by layering a concentrated THF solution 
with hexanes in a 1:3 volumetric ratio. The pale yellow crystals were isolated by vacuum filtration 
over a medium porosity fritted filter, washed with hexanes (3  10 mL), and dried for 3 h under 
reduced pressure. Yield 3.41 g (2.4 mmol, 92% yield; FW: 1446.5). Anal. Calcd for 
C84H84O12Li3Ce: C, 69.75; H, 5.85. Found: C, 69.76; H, 5.46. 
1
H NMR (300 MHz, THF–d8) δ: 10.0 









H} NMR (75 MHz, THF–d8) δ: 171.0, 
141.0, 130.8, 130.4, 130.2, 128.7, 126.3, 126.0, 124.9, 121.8. IR (Nujol, cm
-1
) ν: 3048, 2956, 
2873, 1613, 1589, 1554, 1499, 1462, 1422, 1341, 1272, 1246, 1140, 1069, 995, 957, 936, 893, 
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860, 823, 746, 665, 576, 486 cm
-1
. Pale yellow X-ray quality single crystals were obtained by 
vapor diffusion of pentane into a concentrated THF solution of 2.1. 
Alternate Synthesis of [Li3(THF)4][(BINOLate)3Ce(THF)]∙THF (2.1) A 250 mL side-arm flask 
was charged with Ce(OTf)3 (2.35 g, 4.00 mmol; FW: 587.33), (S)–BINOL (3.44 g, 12.0 mmol, 3 
equiv; FW: 286.32 g·mol
-1
), and THF (100 mL). LiN(SiMe3)2 (4.02 g, 24.0 mmol, 6 equiv; FW: 
167.32 g·mol
-1
) was added as a solid to the light-yellow slurry, and an immediate color change to 
a darker yellow occurred. After 5 min the solution became clear, and the solution was stirred at 
room temperature for an additional 2 h. Solvents were removed under reduced pressure, and a 
work-up procedure similar to procedure A yielded yellow crystals of 2.1. Yield 4.2 g (2.9 mmol, 
73% yield; FW: 1446.5 g·mol
-1
). 
Note: Synthesis of 2.1 can also be performed in similar stoichiometry and concentration as 2.3 or 
2.5 starting from Ce[N(SiMe3)2]3, (S)-BINOL, and LiN(SiMe3)2 (1 : 3 : 3 molar ratio) with yields 
ranging from 70–95%. 
Synthesis of [Li3(DMEDA)3][(BINOLate)3Ce] (2.1–DMEDA) A 20 mL scintillation vial was 
charged with 2.1 (400 mg, 0.276 mmol; FW: 1446.5 g·mol
-1
) and THF (4 mL). N,Nʹ-
dimethyethylenediamine (DMEDA, 0.100 mL, 0.911 mmol, 3.3 equiv; FW: 88.15 g·mol
-1
) was 
added and mixed for ~20 s. Layered with hexanes (15 mL) and allowed to sit overnight. Light-
yellow crystals were isolated by vacuum filtration over a medium porosity frit and dried for 3 h 
under reduced pressure. Yield: 350 mg (0.273 mmol, 99%; FW: 1278.34 g·mol
-1
). Anal. Calcd for 
C72H72O6N6Li3Ce: C, 67.65; H, 5.68; N, 6.57. Found: C, 67.36; H, 5.67; N, 6.43. 
1
H NMR (500 
MHz, THF–d8) δ: 9.89 (d, J = 7.6 Hz, 2H), 8.15 (t, J = 7.6 Hz, 2H), 7.53 (t, J = 7.8 Hz, 2H), 7.50 (t, 
J = 7.8 Hz, 2H), 5.35 (s, 2H), 3.71 (d, J = 9.4 Hz, N–CH2, 2H), 3.48 (d, J = 9.4 Hz, N–CH2, 2H), 









H} NMR (126 MHz, THF–d8) δ: 170.1, 139.7, 129.9, 129.8, 129.6, 128.8, 126.5, 
125.4, 123.9, 121.8, 53.1, 37.3. IR (Nujol, cm
-1
) ν: 3334 (sh, N–H), 3293 (sh, N–H), 2951, 2912, 
2850, 2724, 1609, 1586, 1551, 1459, 1422, 1376, 1351, 1341, 1304, 1281, 1272, 1261, 1247, 
1239, 1208, 1168, 1153, 1136, 1122, 1095, 1070, 1020, 992, 957, 932, 891, 858, 820, 798, 771, 
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722, 663, 640, 630, 620, 590, 572, 543, 528, 518, 497, 465 cm
-1
. X-ray quality single crystals 
were obtained from layering concentrated solutions of 2.1–DMEDA with pentane (1:4 v/v).  
Synthesis of [Li3(DME)3][(BINOLate)3Ce(TPPO)]∙DME (2.1–TPPO) A 20 mL scintillation vial 
was charged with 2.1, (250 mg, 0.173 mmol; FW: 1446.5 g·mol
-1
) and DME (7 mL). 
Triphenylphosphine oxide (TPPO, 48.1 mg, 0.173 mmol, 1 equiv; FW: 278.29 g·mol
-1
) was added 
as a solution in DME (1 mL) to the light yellow solution. The complex was purified through 
crystallization by layering the DME solution with pentane (24 mL). The light yellow crystals were 
isolated by vacuum filtration over a medium porosity frit and dried for 3 h under reduced pressure. 
Yield: 234 mg (0.142 mmol, 82%; FW: 1652.66 g·mol
-1
) Anal. Calcd for C94H91O15PLi3Ce: C, 
68.32; H, 5.55. Found: C, 68.64; H, 5.32. 
1
H NMR (400 MHz, THF–d8) 9.26 (s, 6H), 7.80 (s, 8H), 













H} NMR (162 MHz, THF–d8) δ: 50.5. Note: 2.1–TPPO 
displays fluxional solution behavior, similar to 2.1–(TPPO)2, and only 7 
13
C resonances observed 
at RT. IR (Nujol, cm
-1
) ν: 2921, 2860, 2724, 2670, 2630, 1694, 1651, 1631, 1587, 1553, 1523, 
1499, 1462, 1422, 1400, 1377, 1344, 1285, 1273, 1248, 1239, 1209, 1166, 1121, 1089, 1069, 
1008, 995, 977, 960, 935, 859, 831, 723, 704, 665, 592, 573, 540, 501, 478 cm
–1
. X-ray quality 
single crystals were obtained from layering concentrated solutions of 2.1–TPPO with pentane (1:4 
v/v).  
Synthesis of [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–(TPPO)2) A 20 mL scintillation vial 
was charged with 2.1, (250 mg, 0.173 mmol; FW: 1446.5 g·mol
-1
) and THF (3 mL). 
Triphenylphosphine oxide (TPPO, 96.2 mg, 0.346 mmol, 2 equiv; FW: 278.29 g·mol
-1
) was added 
as a solution in THF (2 mL) to the light yellow solution. The complex was purified through 
crystallization by layering the THF solution with pentane (8 mL). The light yellow crystals were 
isolated by vacuum filtration over a medium porosity frit and dried for 3 h under reduced pressure. 
Yield: 256 mg (0.143 mmol, 83%; FW: 1786.78 g·mol
-1
). Anal. Calcd for C108H90O11P2Li3Ce: C, 
72.60; H, 5.08. Found: C, 72.21; H, 5.43. 
1
H NMR (500 MHz, Tol–d8, 325 K) 8.24 (d, J = 8.4 Hz, 
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2H), 7.56 (s, 2H), 7.20 (d, J = 8.5 Hz, 2H), 7.16 (d, J = 7.6 Hz, 2H), 6.87 (s, 2H), 6.68 (t, J = 7.0 









NMR (162 MHz, THF–d8, 325 K) δ: 35.4. 
1
H NMR (500 MHz, THF–d8) 9.11 (s, 6H), 7.70 (s, 12H), 




H} NMR (126 MHz, THF–d8) δ: 









NMR (162 MHz, THF–d8) δ: 54.5, 26.6. IR (Nujol, cm
-1
) ν: 2931, 2854, 2669, 2723, 2670, 2630, 
1693, 1651, 1632, 1588, 1553, 1499, 1462, 1421, 1398, 1377, 1345, 1284, 1273, 1248, 1205, 
1164, 1119, 1091, 1069, 1049, 1008, 996, 979, 958, 936, 893, 856, 831, 820, 773, 742, 721, 704, 
694, 9665, 634, 575, 543, 489 cm
–1
. X-ray quality single crystals were obtained from layering 
concentrated THF solutions of 2.1–(TPPO)2 with pentane (1:4 v/v).  
Synthesis of [Li3(THF)5][(BINOLate)3Ce–Cl]∙THF (2.2) A 50 mL side-arm flask was charged 
with 2.1 (1.00 g, 0.69 mmol, FW: 1446.5 g·mol
-1
), THF (20 mL), and a Teflon-coated stir bar. 
Trityl chloride (0.19 g, 0.69 mmol, 1 equiv; FW: 278.78 g·mol
-1
) was added as a solid to the 
stirred THF solution. Upon addition of trityl chloride, the solution instantly changed from pale 
yellow to dark purple. The reaction was stirred at room temperature for 4 h, filtered through a 
Celite-packed coarse porosity fritted filter, and the solvent was removed from the filtrate under 
reduced pressure to yield a purple residue. Purple crystals were grown from layering 
concentrated THF solutions of 2.2 with pentane (1:4 v/v). The dark purple crystals were isolated 
by vacuum filtration over a medium porosity fritted filter, washed with pentane (3  5 mL), and 
dried for 3 h under reduced pressure. Yield: 0.87 g (0.59 mmol, 85%, FW: 1481.95 g·mol
-1
). Anal. 
Calcd for C84H84O12Li3ClCe: C, 68.08; H, 5.71. Found: C, 68.16; H, 5.58. 
1
H NMR (400 MHz, 
THF–d8, 300 K) δ 7.66 (d, J = 8.2 Hz, 8H), 7.56 (s, 6H), 6.99 (d, J = 7.6 Hz, 8H), 6.91 (d, J = 7.1 
Hz, 12H); 
1
H NMR (400 MHz, THF–d8, 230 K,) δ 7.92 (d, J = 8.9 Hz, 2H), 7.80 (d, J = 8.1 Hz, 1H), 









H} NMR (101 MHz, THF–d8, 300 K) δ 163.99, 135.44, 




H} NMR (101 MHz, THF–
d8, 230 K) δ 166.11, 163.66, 135.21, 134.68, 130.05, 130.00, 128.70, 128.58, 127.99, 127.73, 
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127.71, 127.60, 127.32, 125.67, 125.17, 124.61, 122.11, 122.05, 118.26, 118.04. IR (Nujol, cm
-1
) 
ν: 2956, 2855, 1613, 1589, 1557, 1501, 1460, 1423, 1354, 1333, 1272, 1246, 1232, 1151, 1126, 
1071, 1044, 991, 952, 890, 859, 820, 742, 665, 574, 481.  Dark purple X-ray quality single 
crystals were obtained by vapor diffusion of pentane into a concentrated THF solution of 2.2. 
Synthesis of [Li3(DMEDA)3][(BINOLate)3Ce–Cl]∙C5H12 (2.2–Cl(DMEDA)) A 20 mL scintillation 
vial was charged with 2.1 (0.250 g, 0.173 mmol; FW: 1446.5 g·mol
-1
), THF (10 mL), and a Teflon-
coated stir bar. Trityl chloride (0.190 g, 0.173 mmol, 1 equiv, FW: 278.78 g·mol
-1
) was added as a 
solid to the stirred THF solution. Upon addition, the solution instantly changed color from light 
yellow to dark purple. The reaction was stirred for 2 h, and the solvent was removed under 
reduced pressure to yield a crude purple residue. THF (2 mL) and DMEDA (61 μL, 0.567 mmol, 
3.3 equiv; FW: 88.15 g·mol
-1
) were added to dissolve the purple residue and the product was 
crystallized by layering with pentane (6 mL). The crystalline purple solid was isolated by vacuum 
filtration over a medium porosity frit, washed with pentane (3  5 mL), and dried for 3 h under 
reduced pressure. Yield: 0.190 g (0.137 mmol, 80%; FW: 1385.92 g·mol
-1
). Anal. Calcd for 
C84H84O6N6Li3ClCe∙C5H12: C, 66.73; H, 6.11; N, 6.06. Found: C, 66.39; H, 6.02; N, 5.66. 
1
H NMR 
(500 MHz, THF–d8) δ: 7.72 (d, 2H), 6.97 (m, 4H), 6.91 (m, 4H), 2.00 (br, s, N-CH2, 2H), 1.70 (br, 









H} NMR (125 MHz, THF–d8) δ: 162.3, 134.3, 128.7, 127.5, 126.5, 125.7, 124.2, 
123.9, 121.0, 117.1, 49.5 (N-CH2), 34.9 (N-CH3). IR (Nujol, cm
-1
) ν: 3342, 3299, 3047, 2985, 
2952, 2854, 2803, 1612, 1587, 1557, 1500, 1460, 1423, 1336, 1274, 1263, 1246, 1175, 1142, 
1094, 1070, 994, 954, 935, 898, 823, 738, 665, 588, 572. Dark purple X-ray quality single crystals 
were obtained by vapor diffusion of pentane into a concentrated THF solution of 2.2–Cl(DMEDA). 
Alternatively, 2.2–Cl(DMEDA) may be obtained through reaction of 2.1 with N-
chlorosuccinimide (NCS, 1 equiv; FW: 133.53 g·mol
-1
) under similar conditions as listed below for 
2.2–Br(DMEDA) in 58% crystalline yield. 
Synthesis of [Li3(DMEDA)3][(BINOLate)3Ce–Br] (2.2–Br(DMEDA)) A 20 mL vial was charged 
with 2.1 (0.250 g, 0.173 mmol; FW: 1446.5 g·mol
-1
), Et2O (10 mL), and a Teflon-coated stir bar. 
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N-bromosuccinimide (NBS, 0.031 g, 0.17 mmol, 1 equiv; FW: 177.89 g·mol
-1
) was added as a 
solid to the stirred solution. Upon addition, the solution instantly changed color from light yellow to 
a dark purple. The reaction was stirred for 2 h and the solvent was removed under reduced 
pressure to yield a crude purple residue. THF (2 mL) and DMEDA (61 μL, 0.567 mmol, 3.3 equiv; 
FW: 88.15 g·mol
-1
) were added to dissolve the purple residue and the product was crystallized by 
layering the THF solution with pentane (6 mL). The crystalline purple solid was isolated by 
vacuum filtration over a medium porosity frit, washed with pentane (3  5 mL), and dried for 3 h 
under reduced pressure. (0.14 g, 0.10 mmol, 58% yield, FW: 1358.22 g·mol
-1
). Anal. Calcd for 
C84H84O6N6Li3BrCe: C, 63.67; H, 5.34; N, 6.19. Found: C, 63.30; H, 5.70; N, 5.79. 
1
H NMR (500 
MHz, THF–d8) δ: 7.73 (d, J = 7 Hz, 4H), 6.98 (t, J = 6.5 Hz, 4H), 6.89 (m, 4H), 1.94 (br, s, N-CH2, 




H} NMR (194 




H} NMR (125 MHz, THF–d8) δ: 164.0, 135.1, 130.1, 128.7, 
127.8, 127.1, 125.3, 122.3, 118.1, 50.6 (N-CH2), 36.0 (N-CH3). Due to accidental equivalence, 
only nine of the expected 10 BINOLate resonances were observed.  IR (Nujol, cm
–1
) ν: 3336, 
3295, 3047, 2985, 2952, 2857, 2726, 2672, 1609, 1587, 1557, 1500, 1460, 1423, 1354, 1336, 
1274, 1263, 1246, 1235, 1151, 1125, 1097, 1071, 994, 955, 936, 880, 862, 833, 822, 791, 752, 
736, 695, 665, 573, 547, 475. Dark purple X-ray quality single crystals were obtained by vapor 
diffusion of pentane into a concentrated THF solution of 2.2–Br(DMEDA).  
Alternatively, 2.2–Br(DMEDA) may be obtained through reaction of 2.1 with trityl bromide (1 
equiv; FW: 323.23 g·mol
-1
) under similar conditions as listed above for 2.2–Cl(DMEDA) in 85% 
crystalline yield. 
Synthesis of [Li3(DMEDA)3][(BINOLate)3Ce–I] (2.2–I(DMEDA)) A 20 mL vial was charged with 
2.1 (0.400 g, 0.277 mmol; FW: 1446.5 g·mol
-1
), THF (10 mL), and a Teflon-coated stir bar. Iodine 
(0.035 g, 0.138 mmol, FW: 253.80 g·mol
-1
) was added as a solid to the stirred solution. Upon 
addition, the solution instantly changed from light yellow to a dark purple. The reaction was stirred 
for 2 h and the solvent removed under reduced pressure. THF (2 mL) and DMEDA (61 μL, 0.567 
mmol, 3.3 equivalents; FW: 88.15 g·mol
-1
) were added to dissolve the purple residue and the 
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product was crystallized by layering the THF solution with pentane (6 mL). The crystalline purple 
solid was isolated by vacuum filtration over a medium porosity frit, washed with pentane (3  5 
mL), and dried for 3 h under reduced pressure. Yield: 0.360 g (0.256 mmol, 93%; FW: 1405.22 
g·mol
-1
). Anal. Calcd for C84H84O6N6Li3ICe: C, 61.54; H, 5.10; N, 5.98. Found: C, 60.99; H, 5.30; 
N, 5.98. Note: CHN analysis of three independently prepared batches of 2.2–I(DMEDA) resulted 
in consistently higher %C than ± 0.5 (~±0.6). 
1
H NMR (500 MHz, THF–d8) δ: 7.62 (d, J = 8.0 Hz, 
2H), 7.32 (d, J = 8.1 Hz, 2H), 7.02 (t, 7 Hz, 2H), 6.95 (t, 7.5 Hz, 2H), 6.86 (d, J = 8.4 Hz, 4H), 2.28 








H} NMR (125 MHz, THF–d8) δ: 163.0, 
135.4, 130.3, 128.7, 128.1, 127.3, 125.7, 125.4, 122.4, 118.6, 49.5 (N-CH2), 34.9 (N-CH3) ppm. 
IR (Nujol, cm
–1
) ν: 3336, 3296, 3047, 2985, 2952, 2857, 2725, 2682, 1609, 1587, 1557, 1500, 
1460, 1423, 1354, 1335, 1273, 1245, 1233, 1144, 1125, 1096, 1070, 1030, 993, 955, 935, 880, 
861, 832, 821, 791, 752, 736, 724, 694, 665, 587, 573, 542, 475. Dark purple X-ray quality single 
crystals were obtained by vapor diffusion of pentane into a concentrated THF solution of 2.2–
I(DMEDA).  
Alternatively, 2.2–I(DMEDA) may be synthesized through reaction of 1 with N-iodosuccinimide 
(NIS, 1 equiv; FW: 224.99 g·mol
-1
) under similar conditions as listed below for 2.2–Br(DMEDA) in 
65% crystalline yield. 
Synthesis of [Li3(THF)5][(BINOLate)3Ce–NCS] (2.2–NCS) A 20 mL scintillation vial was 
charged with 2.2–Cl (250 mg, 0.169 mmol; FW: 1481.95 g·mol
-1
), THF (7 mL), and a Teflon-
coated stir bar. Sodium thiocyanate (27.4 mg, 0.337 mmol, 2 equiv; FW: 81.07 g·mol
-1
) was 
added to the dark purple solution and stirred for 2 h. Solvent was removed under reduced 
pressure and the crude purple residue was extracted with minimal toluene (20 mL). The solution 
was filtered through a celite-padded coarse frit and solvent was removed under reduced 
pressure. The complex was purified through crystallization by layering a concentrated solution in 
THF (3 mL) with pentane (15 mL). The dark purple crystals were isolated by vacuum filtration 
over a medium porosity frit and dried for 3 h under reduced pressure. Yield: 206 mg (0.151 mmol, 
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90%, FW: 1360.37 g·mol
-1
) Anal. Calcd for C77H68O10NSLi3Ce: C, 67.98; H, 5.04; N, 1.03 Found: 
C, 67.92; H, 4.86; N, 1.40.
 1
H NMR (500 MHz, THF–d8, 300 K) δ: 7.72 (s, 4H), 7.47 (s, 2H), 7.03 








H} NMR (126 MHz, 
THF–d8, 300 K) δ: 162.97, 135.37, 130.37, 128.70, 128.17, 127.61, 125.21, 122.39, 118.00; 
1
H 
NMR (400 MHz, THF–d8, 230 K) δ: 7.98 (d, J = 8.9 Hz, 3H), 7.84 (m, 6H), 7.71 (d, J = 9.2 Hz, 








H} NMR (101 MHz, THF–d8, 230 K) δ: 
165.5, 162.9, 135.1, 134.7, 130.3, 130.2, 130.1, 128.8, 128.5, 128.1, 127.9, 127.6, 126.0, 125.4, 
125.4, 125.1, 125.0, 122.4, 122.4, 117.8, 117.7. IR (KBr, cm
-1
) ν: 3050, 2974, 2954, 2876, 2038 
(SCN), 1615, 1589, 1560, 1501, 1460, 1425, 1363, 1352, 1332, 1273, 1245, 1182, 1142, 1127, 
1071, 1044, 993, 953, 897, 860, 821, 745, 692, 664, 590, 573, 545, 523, 499, 476. Dark purple X-
ray quality single crystals were obtained by layering concentrated THF solutions of 2.2–NCS with 
pentane (1:4 v/v). 
Synthesis of [Li3(THF)5][(BINOLate)3Ce–N3] (2.2–N3) A 20 mL scintillation vial was charged with 
2.2–Cl (250 mg, 0.169 mmol; FW: 1481.95 g·mol
-1
), THF (7 mL), and a Teflon-coated stir bar. 
Sodium azide (22 mg, 0.337 mmol, 2 equiv; FW: 65.01 g·mol
-1
) was added to the dark purple 
solution and stirred for 2 h. Solvent was removed under reduced pressure and the crude purple 
residue was extracted with minimal toluene (20 mL). The solution was filtered through a celite-
padded coarse frit and solvent was removed under reduced pressure. The complex was purified 
through crystallization by layering a concentrated solution in THF (3 mL) with pentane (15 mL). 
The dark purple crystals were isolated by vacuum filtration over a medium porosity frit and dried 
for 3 h under reduced pressure. Yield: 187 mg (0.139 mmol, 83%, FW: 1344.31 g·mol
-1
). Anal. 
Calcd for C76H68O10N3Li3Ce: C, 67.90; H, 5.10; N, 3.13. Found: C, 67.64; H, 5.33; N, 3.04. 
1
H 
NMR (500 MHz, THF–d8) δ: 7.79 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 9.4 Hz, 









NMR (126 MHz, THF–d8) δ: 164.42, 135.29, 130.18, 128.60, 128.18, 127.65, 125.62, 125.13, 
122.19, 118.01. IR (KBr, cm
-1
) ν: 3050, 2974, 2954, 2876, 2067 (N=N), 1614, 1590, 1560, 1501, 
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1460, 1424, 1365, 1353, 1334, 1273, 1246, 1238, 1142, 1127, 1071, 1044, 993, 953, 936, 892, 
860, 744, 692, 666, 590, 574, 545, 522, 480. Dark purple X-ray quality single crystals were 
obtained by layering concentrated THF solutions of 2.2–N3 with pentane (1:4 v/v).  
Synthesis of [Li3(DME)3][(BINOLate)3Ce–OAr]·2DME (OAr = 4-Ph) (2.2–OAr) A 20 mL 
scintillation vial was charged with 2.2–Cl (250 mg, 0.169 mmol; FW: 1481.95 g·mol
-1
), THF (7 
mL), and a Teflon-coated stir bar. Sodium 4-phenyl-phenolate (31.1 mg, 0.162 mmol, 1.2 equiv; 
FW 192.19 g·mol
-1
) was added to the dark purple solution and stirred for 2 h. Solvent was 
removed under reduced pressure and the crude purple residue was extracted with minimal 
toluene (8 mL). The solution was filtered through a celite-padded coarse frit and solvent was 
removed under reduced pressure. The complex was purified through crystallization by layering a 
concentrated solution in DME (16 mL) with hexanes (~50 mL). The dark purple crystals were 
isolated by vacuum filtration over a medium porosity frit and dried for 3 h under reduced pressure. 
Yield: 135 mg (0.083 mmol, 61%; FW: 1633.67 g·mol
-1
) Anal. Calcd for C92H95O17Li3Ce: C, 67.64; 
H, 5.86. Found: C, 67.92; H, 5.37. 
1
H NMR (400 MHz, THF–d8) δ: 7.84 (d, J = 8.8 Hz, 3H, 
BINOLate–H), 7.77 (d, J = 8.0 Hz, 3H, BINOLate–H), 7.68 (m, 5H, BINOLate–H + OAr–H), 7.53 
(d, J = 8.8 Hz, 3H, BINOLate–H), 7.50 – 7.37 (m, 5H, BINOLate–H + OAr–H), 7.39 – 7.26 (m, 6H, 
BINOLate–H), 7.22 (t, J = 7.3 Hz, 2H, OAr–H), 7.02 (d, J = 7.8 Hz, 6H, BINOLate–H), 7.00 – 6.81 




H} NMR (155 MHz, THF–




H} NMR (126 MHz, THF–d8) δ: 172.16 (C–O, OAr), 165.46, 164.21, 143.04, 
135.77, 135.31, 130.33, 129.89, 129.85, 129.34, 128.52, 128.20, 127.83, 127.77, 127.45, 127.15, 
126.85, 126.74, 126.39, 126.03, 125.10, 124.72, 122.54, 121.86, 121.59, 118.70, 118.05.  Due to 
accidental equivalence, only 27 of the expected 28 resonances were observed.  IR (KBr, cm
-1
) ν: 
: 3050, 2999, 2927, 2829, 1614, 1589, 1559, 1512, 1501, 1481, 1462, 1424, 1365, 1354, 1335, 
1273, 1246, 1238, 1212, 1192, 1165, 1151, 1141, 1125, 1085, 1071, 1030, 995, 954, 936, 863, 
823, 791, 764, 744, 695, 666, 633, 592, 574, 548, 531, 521, 480. Dark purple X-ray quality single 




Synthesis of {[Li3(THF)6][(BINOLate)3Ce]}{PF6} (2.2–PF6) A 125 mL side-arm flask was 
charged with 2.1 (0.54 g, 0.37 mmol, FW: 1446.5 g·mol
-1
), THF (25 mL), and a stir bar. Silver 
hexafluorophosphate (0.094 g, 0.37 mmol, 1 equiv; FW: 252.83 g·mol
-1
) was added dropwise as 
a solution in THF (4 mL) to the stirring solution (~1 min). Upon addition, the solution gradually 
changed color from light yellow to a dark purple (~5 min), and silver metal plated on the sides of 
the flask. The reaction was stirred for an additional 1–2 h. The reaction mixture was filtered 
through a Celite-packed coarse porosity fritted filter, and the solvent was removed from the filtrate 
under reduced pressure. Purple crystals were grown from vapor diffusion of pentane into THF 
solutions of 2.2–PF6.  The multi-crystalline purple solid was isolated by vacuum filtration over a 
medium porosity frit, washed with pentane (3  5 mL), and dried for 3 h under reduced pressure. 




H NMR (500 MHz, THF-d8) δ: 7.61 (d, J = 
8.0 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 7.07 (t, J = 7.2 Hz, 2H), 6.99 (t, J = 7.4 Hz, 2H), 6.90 (d, J = 




H}-NMR (125 MHz, THF-d8) δ: 161.4, 135.5, 130.2, 












H} NMR(330 MHz, THF-d8) δ: – 
142.0 (h, J = 710 Hz)  IR (Nujol, cm
-1
) ν: 2956, 2855, 2725, 2672, 1614, 1588, 1500, 1460, 1423, 
1354, 1377, 1351, 1331, 1272, 1241, 1142, 1126, 1071, 1044, 991, 952, 890, 859, 815, 774, 742, 
688, 665, 632, 590, 572, 498, 476. 
Synthesis of [Li3(DMEDA)3][(BINOLate)3Ce–F] (2.2–F(DMEDA)) On a single occasion, A 4 mL 
vial was charged with 2.2–PF6 (0.03 g, .018 mmol; FW: 1591.46 g·mol
-1
), THF (1 mL), and 
DMEDA (10 μL, 0.093 mmol, 5.2 equivalents, FW: 88.15 g·mol
-1
). Following 24 h of vapor 
diffusion of pentane into the solution, X-ray quality single crystals of 2.2–F(DMEDA) were 
obtained. Note: The above mentioned synthesis was found to be irreproducible, and ultimately no 
reliable routes were found for the isolation of 2.2–F(DMEDA). 
Synthesis of [Na3(THF)6][(BINOLate)3Ce] (2.3) A 20 mL scintillation vial was charged with (S)–
BINOL (415 mg, 1.45 mmol, 3 equiv, FW: 286.32 g·mol
-1
), NaN(SiMe3)2 (266 mg, 1.45 mmol, 3 
equiv; FW: 183.37 g·mol
-1





) was added dropwise as a THF solution (~2 mL) to the clear, light-yellow solution over 
one minute, which precipitated a pale yellow powder. Hexanes (~7 mL) was added to further 
precipitate the solid. The pale yellow powder was collected over a medium porosity fritted filter, 
washed with hexanes (3  5 mL), and dried under reduced pressure for 3 h. Yield: 646 mg (0.432 
mmol, 90%, FW: 1494.64 g·mol
-1
). Anal. Calcd for C84H84O12Na3Ce: C, 67.5; H, 5.66. Found: C, 
67.19; H, 5.54. 
1
H NMR (300 MHz, pyr–d5) δ 9.59 (d, J = 8.4 Hz, 2H), 7.85 (t, J = 7.5 Hz, 2H), 




H} NMR (126 
MHz, pyr–d5) δ 171.50, 138.63, 129.02, 128.88, 128.84, 127.27, 125.98, 125.88, 125.63, 120.85. 
IR (Nujol, cm
-1
) ν: 3051, 2971, 2855, 1609, 1588, 1548, 1498, 1460, 1422, 1377, 1345, 1283, 
1273, 1247, 1209, 1170, 1139, 1128, 1069, 1054, 994, 957, 934, 912, 897, 858, 827, 773, 750, 
735, 723, 662, 569, 458 cm
-1
. Pale yellow X-ray quality single crystals were obtained by vapor 
diffusion of pentane into a concentrated THF solution of 2.3. 
Synthesis of [Na2(THF)2][(BINOLate)3Ce] (2.4) A 125 mL side-arm flask was charged with 2.3 
(596 mg, 0.399 mmol; FW: 1494.64 g·mol
-1
), THF (40 mL), and a Teflon-coated stir bar. Trityl 
chloride (111.1 mg, 0.399 mmol, 1 equiv, FW: 278.78 g·mol
-1
) was added as a solid to the stirred 
THF solution. Upon addition, the solution gradually changed color from yellow to dark red over 
the course of 2 h. The reaction was stirred for an additional 8 h, filtered through a Celite-packed 
coarse porosity fritted filter, and the solvent was removed under reduced pressure to yield a 
crude red residue. The red residue was dissolved in toluene (~4 mL), filtered again through a 
Celite-packed coarse porosity fritted filter, and the solvent was removed under reduced pressure. 
The red residue was then dissolved in Et2O (~2 mL) and precipitated with hexanes (15 mL). The 
red solid was isolated by vacuum filtration over a medium porosity frit, washed with pentane (3  
5 mL), and dried for 3 h under reduced pressure. Yield: 470 mg (0.397 mmol, 99% yield; FW: 
1183.23 g·mol
-1
). Anal. Calcd for C68H52O8Na2Ce: C, 69.03; H, 4.43. Found: C, 69.21; H, 4.11. 
1
H 
NMR (500 MHz, THF–d8) δ 7.68 (d, J = 8.1 Hz, 2H), 7.08 (d, J = 8.7 Hz, 2H), 7.04 (t, J = 7.1 Hz, 




H} NMR (101 MHz, THF–d8) δ 161.65, 
135.32, 129.67, 128.11, 128.02, 127.14, 124.55, 124.27, 121.40, 118.64. IR (KBr, cm
-1
) ν: 3049, 
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2973, 2954, 2934, 2870, 1613, 1588, 1555, 1500, 1458, 1423, 1364, 1350, 1333, 1273, 1261, 
1242, 1181, 1143, 1126, 1070, 1050, 1030, 991, 952, 935, 860, 819, 791, 745, 702, 690, 664, 
632, 590, 571, 542, 530, 522, 497, 468 cm
-1
. 
Synthesis of [Na2(THF)5(BINOL)][(BINOLate)3Ce] (2.4–BINOL) A 20 mL scintillation vial was 
charged with 2.3 (158 mg, 0.134 mmol; FW: 1183.23 g·mol
-1
), THF (2 mL), and (S)–BINOL (38.2 
mg, 0.134 mmol, 1 equiv; FW: 286.32 g·mol
-1
). The solution was filtered through a Celite-packed 
coarse porosity fritted filter, split into several 4 mL vials, and layered with pentane in a 1:5 
volumetric ratio. The crystalline red solid formed after 12 h was isolated using vacuum filtration 
over a medium porosity fritted filter, washed with pentane (3  5 mL), and dried for 3 h under 
reduced pressure. Yield: 194 mg (0.12 mmol, 86% yield; FW: 1685.53 g·mol
-1
). Anal. Calcd for 
C100H90O13Na2Ce: C, 71.24; H, 5.38. Found: C, 70.76; H, 5.52. 
1
H NMR (400 MHz, THF–d8, 300 
K) δ 8.06 (s, 2H), 7.73 (d, J = 8.1 Hz, 8H), 7.16 (s, 6 H), 7.10 (t, J = 7.1 Hz, 4H), 7.05 – 6.96 (m, 
16H), 6.49 (s, 6H); 
1
H NMR (400 MHz, THF–d8, 230 K) δ 7.75 (q, J = 6.0, 7.9 Hz, 4H), 7.63 (d, J 
= 7.9 Hz, 6H), 7.23 (s, 4H), 7.16 (d, J = 6.8 Hz, 4H), 7.07 (s, 8H), 7.03 – 6.96 (m, 8H), 6.94 (d, J = 




H} NMR (101 MHz, THF–d8, 300 K) δ 161.47, 135.64, 




H} NMR (101 MHz, THF–d8, 230 K) δ 162.67, 154.47, 135.60, 135.35, 130.28, 129.88, 
129.46, 128.76, 128.23, 127.80, 127.18, 126.78, 125.73, 124.73, 124.26, 123.41, 121.42, 119.96, 
118.30, 115.12, 68.37, 67.55, 26.47, 25.39. IR (Nujol, cm
-1
) ν: 3284 (br), 3051, 2971, 2858, 1615, 
1589, 1557, 1501, 1459, 1424, 1403, 1365, 1350, 1333, 1272, 1243, 1211, 1182, 1143, 1127, 
1075, 1051, 991, 954, 911, 860, 817, 774, 747,688, 666, 571, 469 cm
-1
. Dark red X-ray quality 
single crystals were obtained by vapor diffusion of pentane into a concentrated THF solution of 
2.4–BINOL. 
Synthesis of [K3(THF)6][(BINOLate)3Ce] (2.5) A 20 mL scintillation vial was charged with 
Ce[N(SiMe3)2]3 (400 mg, 0.644 mmol; FW: 621.27 g·mol
-1
), and THF (10 mL). (S)–BINOL (553 
mg, 1.93 mmol, 3 equiv, FW: 286.32 g·mol
-1
) was added as a solid to the clear light-yellow 
solution, which resulted in a light yellow precipitate/slurry. KN(SiMe3)2 (386 mg, 1.93 mmol, 3 
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equiv; FW: 199.48 g·mol
-1
) was added as a solid, resulting in an immediate color change to 
orange and dissolution of precipitate. The reaction was stirred for an additional two hours and 
then filtered through a Celite-packed coarse porosity fritted filter. Solvents were removed under 
reduced pressure, and the residue was redissolved in minimal THF (~2 mL). Hexanes (~15 mL) 
was added to precipitate a light yellow powder. The powder was collected over a medium porosity 
fritted filter and dried under reduced pressure for 3 h. Drying the powder or crystalline samples of 
3 removed ~4 molecules of THF as evidenced by 
1
H-NMR in pyr-d5 (~1.5 – 2 THF molecules 
coordinated) and elemental analysis from two independently prepared samples. Further support 
for this formulation comes from our previous report of an X-ray structure of YbKB where 2 




 Yield: 715 mg (0.570 mmol, 88%, FW: 1254.55 g·mol
-1
). 
Anal. Calcd for C68H52O12K3Ce: C, 65.10; H, 4.18. Found: C, 64.82; H, 3.94 (Independently 
prepared sample: 64.84; H, 4.16).
 1
H NMR (300 MHz, THF–d8) δ 8.98 (s, 2H), 7.77 (d, J = 8.4 Hz, 




H} NMR (91 
MHz, THF–d8) δ 167.59, 138.37, 133.54, 128.92, 128.64, 128.10, 126.93, 126.04, 124.30, 
121.17. IR (Nujol, cm
-1
) ν: 2956, 2855, 1609, 1586, 1548, 1497, 1460, 1421, 1377, 1341, 1282, 
1270, 1238, 1210, 1175, 1145, 1124, 1069, 991, 956, 934, 858, 821, 746, 734, 691, 663, 570, 
495 cm
-1
. Pale yellow X-ray quality single crystals were obtained by layering a concentrated 
solution of 2.5 in THF with minimal pentane. 
Synthesis of [K2(THF)2][(BINOLate)3Ce] (2.6) A 20 mL scintillation vial was charged with 2.5 
(500 mg, 0.399 mmol; FW: 1254.55 g·mol
-1
), THF (12 mL), and a Teflon-coated stir bar. Trityl 
chloride (111.1 mg, 0.399 mmol, 1 equiv, FW: 278.78 g·mol
-1
) was added as a solid to the stirred 
THF solution. Upon addition, the solution gradually changed color from yellow to dark red over 
the course of 2 h. The reaction was stirred for an additional 8 h, filtered through a Celite-packed 
coarse porosity fritted filter, and the solvent was removed under reduced pressure to yield a 
crude red residue. The red residue was dissolved in toluene (~4 mL), filtered again through a 
Celite-packed coarse porosity fritted filter, and the solvent was removed under reduced pressure. 
The red residue was then dissolved in Et2O (~2 mL) and precipitated with hexanes (15 mL). The 
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red solid was isolated by vacuum filtration over a medium porosity frit, washed with pentane (3  
5 mL), and dried for 3 h under reduced pressure. Yield: 420 mg (0.367 mmol, 92% yield; FW: 
1143.25 g·mol
-1
). Anal. Calcd for C64H44O7K2Ce: C, 67.23; H, 3.88. Found: C, 66.91; H, 3.88.  
1
H 
NMR (500 MHz, THF–d8) δ 7.68 (d, J = 8.2 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 7.02 (dt, J = 8.1, 4.0 




H} NMR (101 MHz, THF–d8) δ 
162.20, 135.58, 129.87, 128.52, 128.39, 127.48, 124.81, 124.13, 121.59, 118.71. IR (KBr, cm
-1
) 
ν: 3049, 2973, 2954, 2934, 2870, 1613, 1588, 1555, 1500, 1458, 1423, 1364, 1350, 1333, 1273, 
1261, 1242, 1181, 1143, 1126, 1070, 1050, 1030, 991, 952, 935, 860, 819, 791, 745, 702, 690, 
664, 632, 590, 571, 542, 530, 522, 497, 468 cm
-1
.  
Synthesis of {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL) A 20 mL scintillation vial was 
charged with 2.3 (200 mg, 0.160 mmol; FW: 1254.55 g·mol
-1
), THF (5 mL), and a Teflon-coated 
stir bar. (S)–BINOL (45.8 mg, 0.160 mmol, 1 equiv; FW: 286.32 g·mol
-1
) and trityl chloride (44.6 
mg, 0.160 mmol, 1 equiv, FW: 278.78 g·mol
-1
) was added as a solid to the stirred THF solution. 
Upon addition, the solution gradually changed color from yellow to dark red over the course of 3 
h. The reaction was stirred for an additional 15 h, filtered through a Celite-packed coarse porosity 
fritted filter, and the solvent was removed under reduced pressure to yield a crude red residue. 
The red residue was dissolved in toluene (~4 mL), filtered again through a Celite-packed coarse 
porosity fritted filter, and the solvent was removed under reduced pressure. The complex was 
purified through crystallization by layering a concentrated THF solution (~2 mL) with hexanes (8 
mL). The dark red crystals were isolated by vacuum filtration over a medium porosity frit, washed 
with pentane (3  5 mL), and dried for 3 h under reduced pressure. Yield 100 mg (0.061 mmol, 
76% yield; FW: 1645.98 g·mol
-1
). Anal. Calcd for C96H82O12K2Ce: C, 70.05; H, 5.02. Found: C, 
70.16; H, 4.89. 
1
H NMR (400 MHz, THF–d8, 300 K) δ: 7.70 (d, J = 7.9 Hz, 9H), 7.15 – 7.04 (m, 




H} NMR (101 MHz, THF–d8, 300 K) δ: 135.8, 130.0, 129.0, 128.5, 127.2, 
125.5, 122.2, 118.5; 
1
H NMR (400 MHz, THF–d8, 230 K) δ: 7.67 (s, 12H), 7.20 – 7.10 (m, 6 H), 




H} NMR (101 MHz, THF–d8, 230 K) δ: 162.3, 154.6, 135.3, 130.2, 129.6, 128.8, 128.4, 
 63 
 
128.1, 127.4, 126.9, 125.9, 124.8, 124.1, 123.4, 121.5, 120.1, 118.6, 115.8. Note: Due to the 
fluxional solution behavior of 2.6–BINOL only 18 
13
C resonances were observed upon cooling to 
230 K. Temperatures down to 200 K did not improve resolution of the 
13
C spectrum, indicating a 
small barrier for the fluxional behavior. IR (Nujol, cm
-1
) ν: 3379, 3172, 2940, 2856, 2724, 1613, 
1587, 1556, 1499, 1459, 1423, 1377, 1350, 1332, 1271, 1261, 1241, 1142, 1126, 1071, 1053, 
1030, 990, 952, 935, 860, 816, 774, 737, 688, 665, 632, 589, 570, 541, 530, 521, 497, 468 cm
–1
. 
Dark-red X-ray quality single crystals were obtained by layering concentrated THF solutions of 
2.6–BINOL with hexanes (1:4 v/v). 
Synthesis of [K2(18-Crown-6)2][(BINOLate)3Ce] (2.6–Crown) A 20 mL scintillation vial was 
charged with 2.5 (100 mg, 0.087 mmol; FW: 1143.25 g·mol
-1
), THF (2 mL), and 18-Crown 6 (46.2 
mg, 0.175 mmol, 2 equiv; FW: 264.12 g·mol
-1
). The solution was filtered through a Celite-packed 
coarse porosity fritted filter, split into two 4 mL vials, and layered with pentane (1:5 v/v). The 
crystalline red solid formed after 12 h was isolated using vacuum filtration over a medium porosity 
fritted filter, washed with pentane (3  5 mL), and dried for 3 h under reduced pressure. Yield 98 
mg (0.061 mmol, 70% yield; FW: 1599.87 g·mol
-1
). Anal. Calcd for C84H84O18K2Ce: C, 63.06; H, 
5.29. Found: C, 62.86 H, 5.67. 
1
H NMR (500 MHz, THF–d8) δ 7.70 (d, J = 8.5 Hz, 2H), 7.18 (d, J 
= 9.4 Hz, 2H), 6.98 (d, J = 7.9 Hz, 4H), 6.94 – 6.86 (m, 2H), 6.24 (d, J = 9.1 Hz, 2H), 2.98 (d, J = 




H} NMR (101 MHz, THF–d8) δ 162.38, 135.46, 129.62, 128.16, 128.05, 
127.58, 125.98, 124.22, 121.02, 118.82, 70.51. IR (KBr, cm
-1
) ν: 3050, 2882, 2858, 2827, 1612, 
1588, 1556, 1500, 1459, 1422, 1365, 1352, 1334, 1273, 1242, 1113, 1070, 991, 954, 838, 817, 
736, 688, 665, 589, 569, 542, 529, 496, 467 cm
-1
. Dark red X-ray quality single crystals were 
obtained by layering pentane on a concentrated THF solution of 2.6–Crown (1:5 v/v). 
Synthesis of {[Cs3(THF)1.5][(BINOLate)3Ce]}2 (2.7) A 20 mL scintillation vial was charged with 
Ce[N(SiMe3)2]3 (0.300 g, 0.483 mmol; FW: 621.28 g·mol
-1
), THF (10 mL), and a Teflon-coated stir 
bar. (S)–BINOL (0.415 g, 1.45 mmol, 3 equiv; FW: 286.32 g·mol
-1
) was added as a solid to the 
clear light-yellow solution, which resulted in a light yellow slurry. CsN(SiMe3)2 (0.425 g, 1.45 
mmol, 3 equiv; FW: 293.29 g·mol
-1
) was added as a solid, and resulted in an immediate color 
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change to light-orange and dissolution of precipitate. The reaction was stirred for an additional 
two hours and then filtered through a Celite-packed coarse porosity fritted filter. Solvent was 
removed under reduced pressure, and the residue was redissolved in minimal THF (~2 mL). 
Pentane (15 mL) was added to precipitate a light yellow powder. The analytically pure powder 
was collected over a medium porosity frit and dried for 3 h under reduced pressure. Drying the 
powder or crystalline samples of 2.7 consistently removed one molecule of THF as supported by 
elemental analysis. Yield: 690 mg (0.23 mmol, 95% yield; FW 2999.87 g·mol
-1
). Anal. Calcd for 
C132H96O15Cs6Ce: C, 52.85; H, 3.23. Found: C, 52.53; H, 3.29.
 1
H NMR (500 MHz, THF–d8) δ: 
7.39 (d, J = 8.1 Hz, 1H), 7.15 (s, 1H), 7.04 (d, J = 8.8 Hz, 1H), 6.91 (d, J = 9.2 Hz, 1H), 6,79 (t, J 




H} NMR (126 MHz, THF–d8) δ: 163.4, 136.5, 128.7, 128.1, 
127.6, 127.0, 126.0, 125.2, 121.3, 120.2. IR (Nujol, cm
-1
) ν: 3046, 2952, 2864, 1611, 1587, 1551, 
1499, 1459, 1423, 1365, 1353, 1337, 1274, 1245, 1211, 1179, 1142, 1125, 1070, 1029, 992, 953, 
934, 859, 822, 790, 775, 746, 691, 664, 631, 590, 570, 544, 530, 522, 497, 466 cm
-1
. Pale yellow 
X-ray quality single crystals were obtained from layering concentrated THF solutions of 2.7 with 
minimal pentane at –35°C.  
Synthesis of {[Cs2][(BINOLate)3Ce]·DME}∞ (2.8) A 20 mL scintillation vial was charged with 2.7 
(500 mg, 0.167 mmol; FW: 2999.87 g·mol
-1
), THF (6 mL), and a Teflon-coated stir bar. Trityl 
chloride (95.1 mg, 0.341 mmol, 2 equiv; FW: 278.78 g·mol
-1
) was added as a solid to the stirring 
light yellow solution and sealed. The reaction was allowed to stir at RT for 36 h. The resulting 
dark red solution was filtered through a Celite-packed pipette and removed solvent under reduced 
pressure. The complex was purified through crystallization by layering a concentrated solution of 
DME (20 mL) with hexanes (40 mL) to yield dark red needles. The dark red needles were isolated 
by vacuum filtration and dried over a medium porosity frit for 3 h under reduced pressure. Yield 
355 mg (0.263 mmol, 79% yield; FW: 1348.99 g·mol
-1
). Anal. Calcd for C64H46O8Cs2Ce: C, 56.98; 
H, 3.44. Found: C, 57.08; H, 3.41. 
1
H NMR (500 MHz, THF–d8) δ: 7.64 (d, J = 8.9 Hz, 2H), 7.61 – 




H} NMR (126 MHz, THF–d8) δ: 163.3, 
135.0, 128.9, 128.2, 128.2, 126.5, 125.3, 125.3, 121.5, 116.6. IR (Nujol, cm
-1
) ν: 3052, 3036, 
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2994, 2930, 2883, 2825, 1613, 1587, 1555, 1501, 1458, 1425, 1364, 1353, 1333, 1273, 1265, 
1235, 1182, 1151, 1144, 1125, 1093, 1071, 1032, 991, 953, 937, 860, 820, 790, 745, 692, 665, 
593, 572, 540, 530, 497, 467 cm
–1
. Dark red X-ray quality single crystals were obtained by 
layering concentrated DME solutions of 2.8 with hexanes  (1:2 v/v).  
Synthesis of {[Li5(DMEDA)5][(BINOLate)10(μ-OH)3(μ-O)Ce3] (2.9) A 20 mL vial was charged 
with 2.1 (250 mg, 0.173 mmol, FW: 1446.5 g·mol
-1
), Et2O (10 mL), and a Teflon-coated stir bar. 
The vial was then removed from the glovebox and allowed to stir under open air for 10 minutes 
which immediately produced a dark red color. Solvent was removed under reduced pressure, and 
the reaction mixture was brought back into the glovebox. THF (1 mL) and DMEDA (60 uL, 0.567 
mmol, 3.3 equiv, FW: 88.15 g·mol
-1
) were added, and the mixture was filtered through Celite. The 
resulting solution was layered with pentane (1:3 v/v), capped, and allowed to sit undisturbed for 
12 h. Yield: 60 mg (0.0225 mmol, 39% yield based on cerium; FW: 2668.72 g·mol
-1
). Anal. Calcd 
for C140H135Ce3Li5N10O16: C, 63.01; H, 5.1; N, 5.25. Found: C, 62.97; H, 5.09; N, 4.89. Dark red X-
ray quality single crystals were obtained by layering concentrated DME solutions of 2.9 with 






H-NMR spectra for [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1). 
 















































































































H}-NMR(Tol–d8, 325 K) spectra for [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] 
(2.1–(TPPO)2) 
 
Figure 2.4.5a. Variable temperature 
1
H-NMR of [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–












H}-NMR (right) for 









H}-NMR of 2.1–TPPO (Figure S15d; –51 ppm).  The chemical shift of the cerium bound 
TPPO, PA, would experience a greater paramagnetic shift than the lithium bound TPPO, PB, due 




H}-NMR assignments were based on the substantially different chemical shifts observed for 
LiA compared to LiB and LiC. Furthermore, LiB and LiC were much closer to the chemical shift 








H}-NMR of [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] 
(2.1–(TPPO)2) taken in Tol–d8. Lines are provided as a guide for the eye, and ΔG
‡
 are indicated. 
 




H}-NMR of [Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] 
































































































































































































































































































































H-NMR spectra for [Na2(THF)5(BINOL)][(BINOLate)3Ce] (2.4–BINOL) at 230 






H-NMR spectra for [Na2(THF)5(BINOL)][(BINOLate)3Ce] (2.4–BINOL) from 






H}-NMR spectra for [Na2(THF)5(BINOL)][(BINOLate)3Ce] (2.4–BINOL) at 

















































H-NMR spectra for {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL) at 230 








H}-NMR spectra for {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL) at 





























H DOSY NMR. The NMR experiments for the determination of the self-diffusion coefficients and 
hydrodynamic radii were performed at 300 K on a Bruker Avance DRX 600 MHz spectrometer 
equipped with a 5 mm TXI probe with a z-axis gradient coil. The gradient system was calibrated 
with a doped water sample. In Bipolar-LED experiments, diffusion time (D20, Δ) was 100 ms for 
all samples, and the duration (P30, δ) of the sine shaped gradients was set to 1.4 ms (2.1) and 
1.6 ms (2.7) Data were systematically accumulated by linearly varying the diffusion gradients 
from 95% to 5% for 16 gradient increment values. Data processing was accomplished with Bruker 
TOPSPIN 1.3 DOSY software and Bruker TOPSPIN 1.3 T1/T2 software, with representative 2D 
spectra processed using MestReNova v. 7.0.3. Diffusion coefficients (Do) were obtained after 
fitting area data to the Stejskal-Tanner expression with the Bruker TOPSPIN 1.3 T1/T2 software 
and the reported Do is an average value calculated from the different NMR responses within the 
same compound. Similarly, standard deviations associated with values of Do were calculated 
from differences in Do in the same sample using different NMR responses. The experiments were 
run in THF–d8 (~40 mM in sample) with 10.0 μL tetramethylsilane (TMS) and 3.0 mg ferrocene 
(Fc) used as internal standards. The diffusion coefficients (Do) for TMS and Fc in THF–d8 were 












 respectively, which are in 
good agreement with literature values.
51 
The hydrodynamic radii (rH(sample)) of 2.1 and 2.7 were 
determined following Eq 2.4.1:  
 rH(sample) = [Do(reference)/Do(sample)] x rH(reference)   (Eq 2.4.1) 
where Do(reference) was the diffusion coefficient for the corresponding internal standard, 
Do(sample) was the diffusion coefficient of the sample, and rH(reference) was the hydrodynamic 
radii of the internal references. Equation 2.4.1 was used to minimize errors between samples due 
to variations in viscosity and temperature, and is derived from the Stokes-Einstein equation:
52
 
  Do = kT/6rHπη
 
   (Eq 2.4.2) 
where Do is the diffusion coefficient, k is the Boltzmann constant, T is temperature, rH is the 
hydrodynamic radius, and η is the viscosity of the solution. The theoretical hydrodynamic radii 
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(rH(theo)) were determined from their reported crystal structures, taking the centroid of the molecule 
and measuring the distance to the furthest point in the molecule. 
 
Table 2.4.1. Collected diffusion data from 
1
H DOSY NMR experiments for 2.1 and 2.7 




































 – – – 2.376 (6) – – – 
Fc 15.3 (4) – – – 2.790 (2) – – – 
2.1 5.05 (1) 8.46 
(2) 
9.32 (2) 8.90 (61) 8.854 (2) – 0.4 – 
2.7 4.48 (2) 9.05 
(6) 
9.98 (5) 9.52 (66) 8.854 (2) 11.352 
(2) 
7.5 16.2 
a – Based on rH(theo) for TMS. b – Based on rH(theo) for Fc. b – Average of rH(theo) for both TMS and 
Fc. d – rH(theo) determined from crystal structures; see below for further details. e – Standard 
deviation in parenthesis.  
 
 
Figure 2.4.24a. Points used for determination of rH(theo) from the crystal structure of TMS. 
 




Figure 2.4.24c. Points used for determination of rH(theo) from the crystal structure of 2.1. 
 
 






















Magnetism. Magnetic data were collected using a Quantum Design Magnetic Property 
Measurement System (MPMS-7) with a Reciprocating Sample Option at 0.1 T from 2–300 K and 
at 2 K from 0–7 T. Gelatin capsules were used to hold the samples for measurement. Prior to 
loading samples, the capsules were pre-treated for 48 h with hexamethyldisilazane vapor 
followed by drying under dynamic vacuum at 100 ºC for 24 h. Capsules prepared in this manner 
were tested using dilute THF solutions of potassium-benzophenone indicator without loss of 
color, indicating the capsules were thoroughly dried. The samples were massed to the nearest 
0.1 mg in an inert atmosphere (N2) drybox using a calibrated and leveled Mettler-Toledo AL-204 
analytical balance. The samples, contained in the closed gelatin capsules and enclosed in 
drinking straws for measurement, were transferred to the MPMS under inert atmosphere and 
immediately loaded into the inert atmosphere of the measurement chamber with three 




Figure 2.4.27. Temperature dependence of the χT product for 
[Li3(THF)4][(BINOLate)3Ce(THF)]∙THF (2.1).  
 107 
 
Electrochemistry. Voltammetry experiments were performed using a CH Instruments 620D 
Electrochemical Analyzer/Workstation and the data were processed using CHI software v 9.24. 
All experiments were performed in an N2 atmosphere drybox using electrochemical cells that 
consisted of a 4 mL vial, glassy carbon (3 mm diameter) working electrode, a platinum wire 
counter electrode, and a silver wire plated with AgCl as a quasi-reference electrode. The working 
electrode surfaces were polished prior to each set of experiments, and were periodically replaced 
on scanning > 0 V versus ferrocene (Fc) to prevent the buildup of oxidized product on the 







4]). Potentials were reported versus Fc, which was 
added as an internal standard for calibration at the end of each run. All data were collected in a 
positive-feedback IR compensation mode. The cell resistances measured with THF as a solvent 
were ≤ 500 Ω, whereas THF:CH3CN mixtures (1:6 volumetrically) were between 100–200 Ω. 
Scan rate dependences of 25–1000 mV/s were performed to determine electrochemical 
reversibility.  
Note: Large values of ΔEp can also be an effect of uncompensated solution resistance or poor 
cell design.
53
 Measurements of the Ce
III
 compounds (2.1, 2.3, 2.5, 2.7) were also performed using 
a platinum disc (2 mm diameter) working electrode to ensure that large peak separations (ΔEp) 
were not due to the mechanism of heterogeneous electron transfer.  Similar peak potentials and 
separation were observed using both working electrodes; inner sphere processes should be 





 The ΔEp values obtained are reproducible with variable analyte and 
electrolyte concentrations. IR compensation was always applied to minimize uncompensated 
resistance in the solution cells. Observed ∆Ep for Fc at scan rates of 250 mV/s in these studies 
were no greater than 80 mV and typically 50–70 mV.  
In THF solvent, αv, αw, fr, Do, and ks (Eqn S1-6) for complexes 2.1, 2.3¸ 2.5, and 2.7 were 
determined assuming irreversible electron transfer kinetics as developed by Kochi and co-
workers (Eqn 4.2.3 – 4.2.6, 4.2.8).
42, 55






 was used for Do all of the 
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complexes, and used in the determination of ks. The model of irreversible electron transfer 
kinetics for the compounds of interest is justified according to criteria of Kochi; (1) Dependence of 
peak potential (Ep, and Ep/2) on sweep rate (v) (ie – slopes greater than 30 mV per decade), (2) 
constancy of the transfer coefficient from various properties of the CV wave, and (3) a reversibility 
factor (fr) close to 0.
42b
  
 αv = [(2.3RT)/(2nF)]·[dEp/dlog(ν)]
-1
 (Eqn 2.2.3)  
 
 αw = [(1.857RT)/(nF)]·[Ep – Ep/2]
-1
  (Eqn 2.2.4)  
 
 fr = αv – αw (Eqn 2.2.5) 
 
 fr ~ 1 (reversible case) 
 
 fr = 0 (irreversible case) 
 
 α = (αv + αw) / 2  (Eqn 2.2.6)  
 








  (Eqn 2.2.7) 
 




·n·F)/RT]·(Epa – Epc)}  (Eqn 2.2.8) 
For the THF:CH3CN (1:6 volumetrically) solutions, ks was readily determined using the 
original method developed by Nicholson and Shain; Ψ was obtained from the working curve 
generated from published values
43b
 of Ψ and ΔEp (Eqn 2.4.9, Figure 2.4.28), α was assumed to 






 was used for Dox.  




  (Eq 2.2.9)












Figure 4.4.29. Cyclic Voltammograms for Ce[N(SiMe3)2]3Cl showing the isolated cerium(III/IV) 







Figure 2.4.30. Cyclic Voltammograms for [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (2.1) showing a 
potential window from +1.00 to –2.75 V (scan rate = 500 mV/s, top) and the isolated cerium(III/IV) 
redox couple from 0.10 to –2.75 V (bottom). Note: 2.1 undergoes no decomposition under 












Figure 2.4.31. Cyclic Voltammogram for [Li3(THF)4][(BINOLate)3La(THF)]·THF (2.1–La) showing 





Figure 2.4.32. Cyclic Voltammograms for [Li3(THF)5][(BINOLate)3Ce–Cl]·THF (2.2–Cl) from 




Figure 2.4.33. Cyclic Voltammograms for [Li3(DMEDA)3][(BINOLate)3Ce] (2.1-DMEDA) from 





Figure 2.4.34. Cyclic Voltammograms for [Li3(DMEDA)3][(BINOLate)3Ce–Cl]·C5H12 (2.2–
Cl(DMEDA)) showing potential scans from +1.20 V to –2.50 V (scan rate = 500 mV/s, top) and –




Figure 2.4.35. Cyclic Voltammograms for [Li3(DMEDA)3][(BINOLate)3Ce–Br] (2.2–Br(DMEDA)) 






Figure 2.4.36. Cyclic Voltammograms for [Li3(DMEDA)3][(BINOLate)3Ce–I] (2.2–I(DMEDA)) from 




Figure 2.4.37. Cyclic Voltammograms for [Li3(THF)5][(BINOLate)3Ce–NCS] (2.2–NCS) from 




Figure 2.4.38. Cyclic Voltammograms for [Li3(THF)5][(BINOLate)3Ce–N3] (2.2–N3) from +1.20 to –




2.4.39. Cyclic Voltammograms for [Li3(DME)3][(BINOLate)3Ce–OAr]·2DME (2.2–OAr) from +1.05 




Figure 2.4.40. Cyclic Voltammograms for [Na3(THF)6][(BINOLate)3Ce] (2.3) showing potential 





Figure 2.4.41. Cyclic Voltammograms for [Na2(THF)5(BINOL][(BINOLate)3Ce] (2.4–BINOL) from 





Figure 2.4.42. Cyclic Voltammograms for [K3(THF)6][(BINOLate)3Ce] (2.5) from +0.60 to –2.80 V 





Figure 2.4.43. Cyclic Voltammograms for [K2(THF)4(BINOL][(BINOLate)3Ce] (2.6–Crown) from 





Figure 2.4.44. Cyclic Voltammograms for {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL) 





Figure 2.4.45. Cyclic Voltammograms for {[Cs3(THF)1.5][(BINOLate)3Ce]}2 (2.7) from +1.05 to –




Figure 2.4.46. Cyclic Voltammograms for {[Cs2][(BINOLate)3Ce]·DME}∞ (2.8) from +1.10 to –2.25 
V (scan rate = 500 mV/s, top) and –0.75 to –2.05 V (bottom). 
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2.1 0.348 0.265 0.307 0.083 0.18 4.34 
2.3 0.442 0.322 0.382 0.120 0.14 6.08 
2.5 0.399 0.331 0.361 0.068 0.14 8.95 
2.7 0.411 0.484 0.452 0.0736 0.190 10.5 
a – Relevant equations and references are cited above in the electrochemistry experimental  
procedures section. b – Calculated from 50 mV/s scan rates. 
 
Figure 2.4.47. Cyclic voltammograms measured for CeMB (M = Li (2.1), Na (2.3), K (2.5), and Cs 
(2.7)) in THF:CH3CN (1:6; colored) and THF (black) using a 3 mm diameter glassy carbon 
working electrode; ν = 50 mV/s; [Ce] ≈ 1mM; [NPr4][BAr
F



























0.5 0.707 –0.385 –11.7 –1.125 7.95 0.740 0.18 1.47 
0.25 0.5 –0.415 –8.11 –1.105 5.78 0.690 0.18 1.40 
0.1 0.316 –0.445 –4.68 –1.085 3.35 0.640 0.18 1.40 
0.05 0.223 –0.475 –3.22 –1.065 1.65 0.590 0.18 1.95 




























1 1 –0.616 –38.3 –0.914 18.9 0.30 –0.765 2.03 
0.5 0.707 –0.635 –27.6 –0.915 16.0 0.28 –0.775 1.73 
0.25 0.5 –0.645 –19.7 –0.905 11.6 0.26 –0.775 1.69 
0.1 0.316 –0.655 –12.0 –0.895 8.17 0.24 –0.775 1.47 
0.05 0.223 –0.665 –9.00 –0.875 6.02 0.21 –0.770 1.49 




























0.5 0.707 –0.385 –20.3 –1.125 7.95 0.740 0.18 2.55 
0.25 0.5 –0.415 –12.8 –1.105 6.49 0.690 0.18 1.98 
0.1 0.316 –0.445 –8.96 –1.085 5.00 0.640 0.18 1.79 
0.05 0.223 –0.475 –6.76 –1.065 4.47 0.590 0.18 1.51 






























1 1 –1.021 –41.7 –1.289 26.4 0.27 –1.155 1.58 
0.5 0.707 –1.040 –29.7 –1.280 21.0 0.24 –1.160 1.41 
0.25 0.5 –1.050 –21.2 –1.280 15.7 0.23 –1.165 1.35 
0.1 0.316 –1.060 –13.7 –1.260 11.1 0.20 –1.160 1.23 
0.05 0.223 –1.070 –10.0 –1.250 8.32 0.18 –1.160 1.20 




























0.5 0.707 –0.385 –22.7 –1.125 11.0 0.740 0.18 2.06 
0.25 0.5 –0.415 –16.3 –1.105 9.10 0.690 0.18 1.79 
0.1 0.316 –0.445 –10.5 –1.085 6.94 0.640 0.18 1.51 
0.05 0.223 –0.475 –7.85 –1.065 5.53 0.590 0.18 1.42 






























1 1 –1.086 –41.3 –1.314 32.9 0.23 –1.200 1.26 
0.5 0.707 –1.095 –30.4 –1.295 25.5 0.20 –1.195 1.19 
0.25 0.5 –1.115 –22.1 –1.295 19.3 0.18 –1.205 1.15 
0.1 0.316 –1.135 –14.7 –1.285 13.7 0.15 –1.210 1.07 
0.05 0.223 –1.145 –10.9 –1.285 10.2 0.14 –1.215 1.07 




























0.5 0.707 –0.385 –18.8 –1.125 10.1 0.740 0.18 1.86 
0.25 0.5 –0.415 –12.9 –1.105 8.04 0.690 0.18 1.61 
0.1 0.316 –0.445 –8.46 –1.085 6.24 0.640 0.18 1.36 
0.05 0.223 –0.475 –6.37 –1.065 4.89 0.590 0.18 1.25 






























1 1 –1.112 –57.8 –1.240 48.5 0.13 –1.176 1.19 
0.5 0.707 –1.121 –41.4 –1.241 36.2 0.12 –1.181 1.14 
0.25 0.5 –1.121 –30.4 –1.231 27.0 0.11 –1.176 1.13 
0.1 0.316 –1.131 –19.8 –1.231 18.0 0.10 –1.181 1.10 
0.05 0.223 –1.131 –14.5 –1.231 13.2 0.10 –1.181 1.10 








UV-Vis Absorption Spectroscopy and Kinetics. All UV-Vis Absorption measurements  and 
pseudo-first order kinetics studies were performed using a Perkin Elmer 950 UV-Vis/NIR 
spectrophotometer. 1 mm pathlength screw cap quartz cells were used with a blank measured 
before each run. All samples were prepared under an N2 atmosphere (see General Experimental 
above). Pseudo-first order kinetics studies for 2.1 and 2.3 were observed to 3 t1/2, while 2.5 and 
2.7 were observed to ~2 t1/2 (12 h and 24 h respectively). All pseudo-first order kinetics 
measurements gave fits (R
2
) ≥ 0.999 following a first order integrated rate law. For 2.3, 2.5, 2.7 
the screw cap cell was wrapped with parafilm, the sample compartment was purged for 20 min 
prior to starting kinetics measurements, and the experiment performed under a flow of N2 to 
prevent air oxidation of the cerium(III) compound.  
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) λ (nm) 1/λ (cm
-1
) 
π - π* 2.07E+05 245 4.08E+04 
π - π* 5.45E+04 283 3.53E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.27E+05 238 4.20E+04 
π - π* 2.61E+04 279 3.58E+04 
π - π* 1.67E+04 341 2.93E+04 
CT 8.27E+03 487 2.05E+04 
(2.2–Cl) in Toluene 




Figure 2.4.49. Electronic Absorption Spectra of 2.1 (black trace) and 2.2–Cl(DMEDA) (purple 







) λ (nm) 1/λ (cm
-1
) 
π - π* 2.47E+05 2.48E+02 4.03E+04 
π - π* 4.99E+04 2.88E+02 3.47E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.08E+05 2.36E+02 4.24E+04 
π - π* 3.53E+04 2.73E+02 3.66E+04 
π - π* 2.29E+04 3.37E+02 2.97E+04 
CT 4.37E+03 4.86E+02 2.06E+04 
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) λ (nm) 1/λ (cm
-1
) 
π - π* 2.18E+05 2.37E+02 4.22E+04 
π - π* 3.93E+04 2.73E+02 3.66E+04 
π - π* 2.45E+04 3.36E+02 2.98E+04 
CT 6.74E+03 4.86E+02 2.06E+04 
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) λ (nm) 1/λ (cm
-1
) 
π - π* 2.24E+05 2.37E+02 4.22E+04 
π - π* 4.16E+04 2.73E+02 3.66E+04 
π - π* 2.42E+04 3.37E+02 2.97E+04 
CT 6.86E+03 4.88E+02 2.05E+04 
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) λ (nm) 1/λ (cm
-1
) 
π - π* 2.20E+05 2.38E+02 4.20E+04 
π - π* 3.81E+04 2.86E+02 3.50E+04 
π - π* 2.51E+04 3.34E+02 2.99E+04 
CT 6.95E+03 4.89E+02 2.04E+04 
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Figure 2.4.53. Electronic Absorption Spectra 2.2–N3 (red trace) in THF. 
 
Note: 2.2–N3 displays a very different λmax for the LMCT, despite displaying similar 
electrochemical properties to the other 2.2–X compounds.  This suggests that the origin of the CT 
band in 2.2–N3 could be different than the other Ce
IV
 frameworks (BINOLate-based in character); 
however, further investigation is needed to determine the differences in electronic structure and is 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.71E+05 2.38E+02 4.20E+04 
π - π* 7.25E+04 2.86E+02 3.50E+04 
π - π* 4.86E+04 3.33E+02 3.00E+04 
CT 8.82E+03 4.52E+02 2.21E+04 
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) λ (nm) 1/λ (cm
-1
) 
π - π* 2.78E+05 2.38E+02 4.20E+04 
π - π* 7.89E+04 2.83E+02 3.53E+04 
π - π* 4.76E+04 3.32E+02 3.01E+04 










) λ (nm) 1/λ (cm
-1
) 
π - π* 2.47E+05 2.48E+02 4.03E+04 
π - π* 4.99E+04 2.88E+02 3.47E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 3.23E+05 2.40E+02 4.17E+04 
π - π* 1.02E+05 2.88E+02 3.47E+04 
π - π* 6.57E+04 3.38E+02 2.96E+04 
CT 9.16E+03 4.50E+02 2.22E+04 
 










) λ (nm) 1/λ (cm
-1
) 
π - π* 2.47E+05 2.48E+02 4.03E+04 
π - π* 4.99E+04 2.88E+02 3.47E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.98E+05 2.36E+02 4.24E+04 
π - π* 4.73E+04 2.79E+02 3.58E+04 
π - π* 2.78E+04 3.39E+02 2.95E+04 
CT 8.84E+03 4.55E+02 2.20E+04 
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) λ (nm) 1/λ (cm
-1
) 
π - π* 3.50E+05 2.50E+02 4.00E+04 
π - π* 9.78E+04 2.90E+02 3.45E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.28E+05 2.40E+02 4.17E+04 
π - π* 5.13E+04 2.81E+02 3.56E+04 
π - π* 2.95E+04 3.40E+02 2.94E+04 









) λ (nm) 1/λ (cm
-1
) 
π - π* 3.50E+05 2.50E+02 4.00E+04 
π - π* 9.78E+04 2.90E+02 3.45E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.39E+05 2.36E+02 4.24E+04 
π - π* 4.47E+04 2.79E+02 3.58E+04 
π - π* 2.52E+04 3.38E+02 2.96E+04 




Figure 2.4.59. Electronic Absorption Spectra 2.6–BINOL (red trace) in THF. 
 
 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.28E+05 236 4.24E+04 
π - π* 4.62E+04 279 3.58E+04 
π - π* 2.53E+04 338 2.96E+04 













) λ (nm) 1/λ (cm
-1
) 
π - π* 3.18E+05 2.50E+02 4.00E+04 
π - π* 9.45E+04 2.90E+02 3.45E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.25E+05 2.40E+02 4.17E+04 
π - π* 5.18E+04 2.85E+02 3.51E+04 
π - π* 2.21E+04 3.57E+02 2.80E+04 
CT 1.08E+04 4.35E+02 2.30E+04 
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Figure 2.4.61. Rate order plot of ln[TPPO] versus ln(kobs) for the oxidation of 2.1 with trityl 
chloride, Ph3CCl, in the presence of varying equiv of TPPO.    [2.1] = 0.95 mM; [Ph3CCl] = 10 
equiv; [TPPO] = 0.5 – 10 equiv.  
 





0.5 0.493 127 
1 0.981 61.9 
2 1.876 36.5 
3 3.00 16.5 
5 4.94 5.46 
10 1.01 1.30 
 
Note: The reaction order of TPPO is complicated due to coordination to Ce and Li at different 
concentrations.  At low concentrations (0.5 – 2.0 equiv TPPO) the data corresponds well to being 
inverse first order in TPPO (slope = –0.93, purple line), while at higher concentrations (2.0 – 10.0 
equiv) there is a good correlation to being inverse second order in TPPO (slope = –2.0, red line). 
Attempting a linear fit over the whole concentration range was less satisfactory, and is provided 
for comparison (green dashed line).    
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X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1)K. The crystal of [Li3(THF)4][(BINOLate)3Ce(THF)]∙THF (2.1)  and 
[Li3(THF)3(TPPO)][(BINOLate)3Ce(TPPO)] (2.1–(TPPO)2) grew as a non-merohedral twins; the 
program CELL_NOW
56
 was used to index the diffraction images and to determine the twinning 
mechanism. The crystals were twinned by a rotation of 180° about the c direct axis. In all cases, 
rotation frames were integrated using SAINT,
57





values which were then passed to the SHELXTL
58
 program package for further processing and 
structure solution on a Dell Pentium 4 computer. The intensity data were corrected for Lorentz 




 The structures were 
solved by direct methods (SHELXS-97).
61
 Refinement was by full-matrix least squares based on 
F
2
 using SHELXL-97. All reflections were used during refinements. Non-hydrogen atoms were 
refined anisotropically and hydrogen atoms were refined using a riding model. For the structures 
of [Li3(THF)4][(BINOLate)3Ce–Cl]·THF (2.2–Cl), [Li3(DMEDA)3][(BINOLate)3CeF] (2.2–
F(DMEDA)), [Li3(DMEDA)3][(BINOLate)3Ce–Cl]∙C5H12 (2.2–Cl(DMEDA)), 
[Li3(DMEDA)3][(BINOLate)3Ce–Br] (2.2–Br(DMEDA)), [Li3(DMEDA)3][(BINOLate)3Ce–I] (2.2–
I(DMEDA)), [Li3(THF)5][(BINOLate)3Ce–NCS] (2.2–NCS), [Li3(THF)5][(BINOLate)3Ce–N3] (2.2–
N3), {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL), {[Cs2][(BINOLate)3Ce]}∞·DME  (8),  there 
were areas of disordered solvent for which reliable disorder models could not be devised; the X-
ray data were corrected for the presence of disordered solvent using SQUEEZE.
62
 
Crystallographic data and structure refinement information are summarized in Table 2.4.11 – 
2.4.20. The crystallographically determined bond lengths and angles for 2.1 (Penn496), 2.1–
(DMEDA) (Penn4092), 2.1–TPPO (Penn4378), 2.1–(TPPO)2  (Penn4384), 2.2–Cl (Penn497), 
2.2–Cl(DMEDA) (Penn4044), 2.2–Br(DMEDA) (Penn4031), 2.2–I(DMEDA) (Penn4022), 2.2–
NCS (Penn4273), 2.2–N3 (Penn4274), 2.2–OAr (Penn4263), 2.2–F(DMEDA) (Penn4019), 2.3 
(Penn4165), 2.4–BINOL (Penn4059), 2.5 (Penn4091), 2.6–Crown (Penn4239), 2.6–BINOL 
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(Penn4054), 2.7 (Penn4161), 2.8 (Penn4221), and 2.9 (Penn4028) are displayed in Tables 





Figure 2.4.62: Thermal ellipsoid plot of [Li3(DMEDA)3][(BINOLate)3Ce] (2.1–DMEDA) with 30% 
probability thermal ellipsoids. Two molecules crystallize in the asymmetric unit, where one 
molecule has been removed for clarity. Selected bond distances (Å): Ce(1)–O(1) 2.380(5), Ce(1)–






Figure 2.4.63: Thermal ellipsoid plot of [Li3(THF)5][(BINOLate)3Ce–Cl]·THF (2.2–Cl) with 50% 
probability thermal ellipsoids. An interstitial THF molecule has been removed for clarity. Selected 
bond distances (Å): Ce(1)–Cl(1) 2.667(2), Ce(1)–O(1) 2.293(6), Ce(1)–O(2) 2.333(6), Ce(1)–O(3) 
2.295(5), Ce(1)–O(4) 2.277(6), Ce(1)–O(5) 2.297(5), Ce(1)–O(6) 2.311(6), Li(1)–O(3) 1.93(2), 






Figure 2.4.64: Thermal ellipsoid plot of [Li3(DMEDA)3][(BINOLate)3Ce–Cl]∙C5H12 (2.2–
Cl(DMEDA)) with 30% probability thermal ellipsoids. Two molecules crystallize in the asymmetric 
unit, where one molecule has been removed for clarity. Selected bond distances (Å): Ce(1)–O(1) 
2.319(3), Ce(1)–O(2) 2.296(4), Ce(1)–O(3) 2.330(3), Ce(1)–O(4) 2.340(5), Ce(1)–O(5) 2.354(3), 
Ce(1)–O(6) 2.313(3), Ce(1)–Cl(1) 2.7186(14), Li(1)–O(2) 1.942(12), Li(1)–O(3) 1.875(11), Li(2)–
O(4) 1.838(12), Li(2)–O(5) 1.973(14), Li(3)–O(6) 1.966(12), Li(3)–O(1) 1.896(10), Ce(1ʹ)–O(1ʹ) 
2.305(3), Ce(1ʹ)–O(2ʹ) 2.289(4), Ce(1ʹ)–O(3ʹ) 2.334(4), Ce(1ʹ)–O(4ʹ) 2.257(4), Ce(1ʹ)–O(5ʹ) 
2.347(4), Ce(1ʹ)–O(6ʹ) 2.286(4), Ce(1ʹ)–Cl(1ʹ) 2.7044(14), Li(1ʹ)–O(2ʹ) 1.901(11), Li(1ʹ)–O(3ʹ) 







Figure 2.4.65: Thermal ellipsoid plot of [Li3(DMEDA)3][(BINOLate)3Ce–Br] (2.2–Br(DMEDA)) with 
30% probability thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.314(9), Ce(1)–O(2) 




Figure 2.4.66: Thermal ellipsoid plot of [Li3(THF)5][(BINOLate)3Ce–N3] (2.2–N3) with 30% 
probability thermal ellipsoids. Two molecules crystallize in the asymmetric unit, where one 
molecule has been removed for clarity. Selected bond distances (Å): Ce(1)–O(1) 2.270(3), Ce(1)–
O(2) 2.284(3), Ce(1)–O(3) 2.287(3), Ce(1)–O(4) 2.323(3), Ce(1)–O(5) 2.351(3), Ce(1)–O(6) 
2.320(3), Ce(1)–N(1) 2.361(5), N(1)–N(2) 1.181(6), N(2)–N(3) 1.144(7), Li(1)–O(2) 1.917(8), 
Li(1)–O(3) 1.900(8), Li(2)–O(4) 1.851(10), Li(2)–O(5) 1.907(10), Li(3)–O(6) 1.965(10), Li(3)–O(1) 
1.957(9), Ce(1ʹ)–O(1ʹ) 2.262(3), Ce(1ʹ)–O(2ʹ) 2.264(3), Ce(1ʹ)–O(3ʹ) 2.296(3), Ce(1ʹ)–O(4ʹ) 
2.335(3), Ce(1ʹ)–O(5ʹ) 2.334(4), Ce(1ʹ)–O(6ʹ) 2.328(2), Ce(1ʹ)–N(1ʹ) 2.345(5), N(1ʹ)–N(2ʹ) 
1.186(6), N(2ʹ)–N(3ʹ) 1.157(7), Li(1ʹ)–O(2ʹ) 1.895(9), Li(1ʹ)–O(3ʹ) 1.942(8), Li(2ʹ)–O(4ʹ) 1.878(11), 






Figure 2.4.67. Thermal ellipsoid plot of [Na3(THF)6][(BINOLate)3Ce] (2.3) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.390(2), Ce(1)–O(2) 2.373(2), 





Figure 2.4.68. Thermal ellipsoid plot of [Na2(THF)5(BINOL)][(BINOLate)3Ce] (2.4–BINOL) with 
30% probability thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.257(1), Ce(1)–O(2) 
2.269(1), Ce(1)–O(3) 2.185(1), Ce(1)–O(4) 2.248(1), Ce(1)–O(5) 2.237(1), Ce(1)–O(6) 2.262(1), 







Figure 2.4.69. Thermal ellipsoid plot of [K3(THF)6][(BINOLate)3Ce] (2.5) with 50% probability 
thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.388(4), Ce(1)–O(2) 2.367(4), K(1)–






Figure 2.4.70. Thermal ellipsoid plot of {[K2(THF)4(BINOL)][(BINOLate)3Ce]}∞ (2.6–BINOL) with 
50% probability thermal ellipsoids. Selected bond distances (Å): Ce(1)–O(1) 2.275(2), Ce(1)–O(2) 
2.274(2), Ce(1)–O(3) 2.216(2), Ce(1)–O(4) 2.235(2), Ce(1)–O(5) 2.221(2), Ce(1)–O(6) 2.241(2), 
K(1)–O(4) 2.645(2), K(1)–O(5) 2.783(2), K(2)–O(3) 2.849(2), K(2)–O(6) 2.650(2), Li(3)–O(2) 





Table 2.4.11. Crystallographic parameters for compounds 2.1, and 2.1–(DMEDA). 
 2.1 (Penn496) 2.1–DMEDA (Penn4092) 
Empirical formula C84H84CeLi3O12 C72H72N6O6Li3Ce 
Formula weight 1446.45 1278.3 
Temperature (K) 143(1) 143(1)  
Wavelength (Å) 0.71073 0.71073 
Crystal system Monoclinic monoclinic 
Space group P21      C2       
Cell constants   
a (Å) 18.350(4) 21.2574(16) 
b (Å) 11.490(2) 15.4522(11) 
c (Å) 19.081(4) 22.0986(16) 
α (
o
) 90.00 90.00 
β (
o
) 100.873(9) 117.814(3) 
γ (
o
) 90.00 90.00 
V (Å
3
) 3950.8(14) 6420.2(8) 
Z 2 4 
ρcalc (mg/cm
3
) 1.216 1.322 
µ (Mo Kα) (mm
–1
) 0.634 0.766 
F(000) 1502 2644 
Crystal size (mm
3
) 0.35 x 0.20 x 0.05 0.24 x 0.08 x 0.02 
Theta range for data 
collection 
1.71 to 27.48° 1.71 to 27.60° 
Index ranges 
-23 ≤ h ≤ 23, -14 ≤ k ≤ 14, -24 
≤ l ≤ 24 
-27 ≤ h ≤ 24, 0 ≤ k ≤ 20, 0 ≤ l 
≤ 28 
Reflections collected 105414 88083 
Independent collections 69014 [R(int) = 0.0480] 7636 [R(int) = 0.1341] 










Max and min. transmission 1.0000 and 0.8907 0.7456 and 0.5055 
Refinement method 








Data / restraints / parameters 69014 / 97 / 887 7636 / 1 / 802 
Goodness–of–fit on F
2
 1.136 1.085 
Final R indices [I>2sigma(I)] R1 = 0.0485, wR2 = 0.1306 R1 = 0.0597, wR2 = 0.1628 
R indices (all data) R1 = 0.0585, wR2 = 0.1370 R1 = 0.0651, wR2 = 0.1658 




1.166 and -1.082 2.022 and -1.165 
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Table 2.4.12. Crystallographic parameters for compounds 2.1–TPPO, and 2.1–(TPPO)2. 
 2.1–TPPO (Penn4378) 2.1–(TPPO)2 (Penn4384) 
Empirical formula C94H91PO15Li3Ce C229H208P4O24Li6Ce2 
Formula weight 1724.72 3789.71 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic triclinic 
Space group P212121 P1 
Cell constants   
a (Å) 15.5152(14) 14.460(2) 
b (Å) 21.337(2) 14.456(2) 
c (Å) 26.220(3) 25.908(4) 
α (
o
) 90.00 86.959(6) 
β (
o
) 90.00 84.638(6) 
γ (
o
) 90.00 68.076(5) 
V (Å
3
) 8680.4(15) 5001.0(12) 
Z 4 1 
ρcalc (mg/cm
3
) 1.32 1.258 
µ (Mo Kα) (mm
–1
) 0.609 0.548 
F(000) 3596 1968 
Crystal size (mm
3
) 0.30 x 0.10 x 0.10 0.40 x 0.32 x 0.15 
Theta range for data 
collection 
1.23 to 27.65° 1.52 to 27.70° 
Index ranges 
-18 ≤ h ≤ 20, -27 ≤ k ≤ 23, -34 
≤ l ≤ 32 
-18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -33 
≤ l ≤ 33 
Reflections collected 101360 150574 
Independent collections 19988 [R(int) = 0.0248] 129225 [R(int) = 0.0424] 










Max and min. transmission 0.7456 and 0.6790 0.7456 and 0.6558 
Refinement method 








Data / restraints / parameters 19988 / 77 / 1081 129225 / 2514 / 2388 
Goodness–of–fit on F
2
 1.053 1.081 
Final R indices [I>2sigma(I)] R1 = 0.0325, wR2 = 0.0823 R1 = 0.0347, wR2 = 0.0899 
R indices (all data) R1 = 0.0382, wR2 = 0.0864 R1 = 0.0370, wR2 = 0.0913 




1.213 and -0.522 1.096 and -1.771 
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Table 2.4.13. Crystallographic parameters for compounds 2.2–Cl, and 2.2–Cl(DMEDA). 
 2.2–Cl (Penn497) 2.2–Cl(DMEDA) (Penn4044) 
Empirical formula C84H84CeClLi3O12 C144H144N12O12Cl2Li6Ce2 
Formula weight 1481.9 2627.49 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Orthorhombic monoclinic 
Space group P212121 P21 
Cell constants   
a (Å) 11.1043(13) 15.1153(7) 
b (Å) 25.310(3) 29.8987(14) 
c (Å) 25.944(3) 17.6866(7) 
α (
o
) 90.00 90 
β (
o
) 90.00 105.789(2) 
γ (
o
) 90.00 90 
V (Å
3
) 7291.6(15) 7691.5(6) 
Z 4 2 
ρcalc (mg/cm
3
) 1.35 1.135 
µ (Mo Kα) (mm
–1
) 0.724 0.675 
F(000) 3072 2712 
Crystal size (mm
3
) 0.38 x 0.10 x 0.02 0.22 x 0.12 x 0.08 
Theta range for data 
collection 
1.57 to 27.61° 1.56 to 27.52° 
Index ranges 
-14 ≤ h ≤ 14, -32 ≤ k ≤ 32, -33 
≤ l ≤ 33 
-19 ≤ h ≤ 19, -38 ≤ k ≤ 38, -22 
≤ l ≤ 22 
Reflections collected 141630 148529 
Independent collections 16871 [R(int) = 0.1013] 35322 [R(int) = 0.0559] 










Max and min. transmission 1.0000 and 0.8100 0.7456 and 0.6774 
Refinement method 








Data / restraints / parameters 16871 / 105 / 920 35322 / 670 / 1616 
Goodness–of–fit on F
2
 1.157 1.061 
Final R indices [I>2sigma(I)] R1 = 0.0821, wR2 = 0.2098 R1 = 0.0567, wR2 = 0.1462 
R indices (all data) R1 = 0.0980, wR2 = 0.2173 R1 = 0.0695, wR2 = 0.1534 




3.155 and -3.196 6.300 and -1.082 
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Table 2.4.14. Crystallographic parameters for compounds 2.2–Br(DMEDA), and 2.2–I(DMEDA).  
 2.2–Br(DMEDA) (Penn4031) 2.2–I(DMEDA) (Penn4022) 
Empirical formula C72 H72 Br Ce Li3 N6 O6 C72H72N6O6ILi3Ce 
Formula weight 1358.21 1405.2 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Hexagonal Hexagonal 
Space group P63      P63      
Cell constants   
a (Å) 15.1330(5) 15.0951(4) 
b (Å) 15.1330(5) 15.0951(4) 
c (Å) 19.5974(9) 19.9811(8) 
α (
o
) 90 90 
β (
o
) 90 90 
γ (
o
) 120 120 
V (Å
3
) 3886.7(3) 3943.0(2) 
Z 2 2 
ρcalc (mg/cm
3
) 1.161 1.184 
µ (Mo Kα) (mm
–1
) 1.147 1.016 
F(000) 1392 1428 
Crystal size (mm
3
) 0.24 x 0.18 x 0.06 0.30 x 0.26 x 0.14 
Theta range for data 
collection 
1.87 to 27.56° 1.56 to 27.61° 
Index ranges 
-16 ≤ h ≤ 19, -19 ≤ k ≤ 19, -25 
≤ l ≤ 25 
-17 ≤ h ≤ 19, -19 ≤ k ≤ 19, -25 
≤ l ≤ 25 
Reflections collected 42014 49345 
Independent collections 5979 [R(int) = 0.0377] 6097 [R(int) = 0.0633] 










Max and min. transmission 0.7456 and 0.5947 0.7456 and 0.6428 
Refinement method 








Data / restraints / parameters 5979 / 192 / 271 6097 / 6 / 271 
Goodness–of–fit on F
2
 1.137 0.995 
Final R indices [I>2sigma(I)] R1 = 0.1022, wR2 = 0.2571 R1 = 0.0554, wR2 = 0.1310 
R indices (all data) R1 = 0.1342, wR2 = 0.2690 R1 = 0.1019, wR2 = 0.1436 




2.322 and -2.434 1.122 and -1.702 
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Table 2.4.15. Crystallographic parameters for compounds 2.2–NCS, and 2.2–N3. 
 2.2–NCS (Penn4273) 2.2–N3 (Penn4274) 
Empirical formula C81H76NSO11Li3Ce C80H76N3O11Li3Ce 
Formula weight 1432.43 1416.38 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system monoclinic monoclinic 
Space group P21      P21      
Cell constants   
a (Å) 25.0846(12) 24.9724(11) 
b (Å) 11.5350(5) 11.3739(5) 
c (Å) 28.3393(13) 28.3222(12) 
α (
o
) 90.00 90.00 
β (
o
) 111.048(2) 111.236(2) 
γ (
o
) 90.00 90.00 
V (Å
3
) 7652.9(6) 7498.2(6) 
Z 4 4 
ρcalc (mg/cm
3
) 1.243 1.255 
µ (Mo Kα) (mm
–1
) 0.679 0.666 
F(000) 2960 2928 
Crystal size (mm
3
) 0.22 x 0.12 x 0.08 0.30 x 0.05 x 0.03 
Theta range for data 
collection 
1.54 to 27.56° 1.54 to 27.55° 
Index ranges 
-32 ≤ h ≤ 32, -15 ≤ k ≤ 15, -36 
≤ l ≤ 36 
-32 ≤ h ≤ 32, -14 ≤ k ≤ 10, -36 
≤ l ≤ 36 
Reflections collected 216684 184464 
Independent collections 35232 [R(int) = 0.0343] 31536 [R(int) = 0.0605] 










Max and min. transmission 0.7456 and 0.6353 0.7456 and 0.6556 
Refinement method 








Data / restraints / parameters 35232 / 421 / 1766 31536 / 416 / 1766 
Goodness–of–fit on F
2
 0.888 1.011 
Final R indices [I>2sigma(I)] R1 = 0.0408, wR2 = 0.1055 R1 = 0.0449, wR2 = 0.0930 
R indices (all data) R1 = 0.0449, wR2 = 0.1081 R1 = 0.0615, wR2 = 0.0978 




0.982 and -2.196 0.831 and -1.030 
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Table 2.4.16. Crystallographic parameters for compounds 2.2–OAr, and 2.2–F(DMEDA).  
 2.2–OAr (Penn4263) 2.2–F(DMEDA) (Penn4019) 
Empirical formula C92H95O17Li3Ce C72H72N6O6FLi3Ce 
Formula weight 1633.62 1297.3 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic Triclinic 
Space group P212121  P1        
Cell constants   
a (Å) 15.6632(7) 10.9962(5) 
b (Å) 19.7465(9) 13.7952(6) 
c (Å) 26.1329(13) 14.8356(6) 
α (
o
) 90.00 116.126(2) 
β (
o
) 90.00 95.486(2) 
γ (
o
) 90.00 106.140(2) 
V (Å
3
) 8082.7(7) 1877.87(14) 
Z 4 1 
ρcalc (mg/cm
3
) 1.342 1.147 
µ (Mo Kα) (mm
–1
) 0.632 0.657 
F(000) 3400 670 
Crystal size (mm
3
) 0.22 x 0.10 x 0.04 0.20 x 0.12 x 0.10 
Theta range for data 
collection 
1.56 to 27.54° 1.58 to 27.53° 
Index ranges 
-20 ≤ h ≤ 20, -25 ≤ k ≤ 25, -33 
≤ l ≤ 33 
-14 ≤ h ≤ 14, -17 ≤ k ≤ 17, -19 
≤ l ≤ 19 
Reflections collected 116960 61193 
Independent collections 18571 [R(int) = 0.0559] 16994 [R(int) = 0.0324] 










Max and min. transmission 0.7456 and 0.7074 0.7456 and 0.6846 
Refinement method 








Data / restraints / parameters 18571 / 153 / 1025 16994 / 3 / 809 
Goodness–of–fit on F
2
 1.044 1.067 
Final R indices [I>2sigma(I)] R1 = 0.0476, wR2 = 0.1007 R1 = 0.0463, wR2 = 0.1158 
R indices (all data) R1 = 0.0769, wR2 = 0.1123 R1 = 0.0470, wR2 = 0.1165 




1.169 and -0.486 2.776 and -0.633 
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Table 2.4.17. Crystallographic parameters for compounds 2.3, and 2.4–BINOL.  
 2.3 (Penn4165) 2.4–BINOL (Penn4059) 
Empirical formula C84H84O12Na3Ce C100H90O13Na2Ce 
Formula weight 1494.6 1685.82 
Temperature (K) 143(1) 100(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system hexagonal orthorhombic 
Space group P63      P212121  
Cell constants   
a (Å) 15.1963(7) 15.6949(5) 
b (Å) 15.1963(7) 20.5810(6) 
c (Å) 18.1383(9) 25.2029(7) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 120.00 90.00 
V (Å
3
) 3627.5(3) 8141.0(4) 
Z 2 4 
ρcalc (mg/cm
3
) 1.368 1.375 
µ (Mo Kα) (mm
–1
) 0.709 0.637 
F(000) 1550 3496 
Crystal size (mm
3
) 0.42 x 0.20 x 0.15 0.25 x 0.15 x 0.10 
Theta range for data 
collection 
1.55 to 27.61° 1.82 to 27.55° 
Index ranges 
-19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -23 
≤ l ≤ 23 
-20 ≤ h ≤ 20, -26 ≤ k ≤ 26, -32 
≤ l ≤ 32 
Reflections collected 156745 158473 
Independent collections 5603 [R(int) = 0.0311] 18750 [R(int) = 0.0249] 










Max and min. transmission 0.7456 and 0.6687 0.7456 and 0.6885 
Refinement method 








Data / restraints / parameters 5603 / 52 / 329 18750 / 0 / 1046 
Goodness–of–fit on F
2
 1.116 1.048 
Final R indices [I>2sigma(I)] R1 = 0.0298, wR2 = 0.0873 R1 = 0.0207, wR2 = 0.0513 
R indices (all data) R1 = 0.0319, wR2 = 0.0887 R1 = 0.0232, wR2 = 0.0528 




0.875 and -0.428 0.501 and -0.352 
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Table 2.4.18. Crystallographic parameters for compounds 2.5, and 2.6–Crown.  
 2.5 (Penn4091) 2.6–Crown (Penn4239) 
Empirical formula C84H84O12K3Ce C89H96O18K2Ce 
Formula weight 1542.93 1671.98 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system hexagonal orthorhombic 
Space group P63      P212121  
Cell constants   
a (Å) 15.4120(5) 14.3318(8) 
b (Å) 15.4120(5) 21.7210(11) 
c (Å) 18.2941(9) 26.4152(13) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 120.00 90.00 
V (Å
3
) 3763.2(3) 8223.1(7) 
Z 2 4 
ρcalc (mg/cm
3
) 1.362 1.351 
µ (Mo Kα) (mm
–1
) 0.832 0.723 
F(000) 1598 3480 
Crystal size (mm
3
) 0.50 x 0.28 x 0.28 0.22 x 0.20 x 0.12 
Theta range for data 
collection 
1.89 to 27.60° 1.62 to 27.50° 
Index ranges 
-20 ≤ h ≤ 20, -20 ≤ k ≤ 19, -23 
≤ l ≤ 23 
-18 ≤ h ≤ 18, -28 ≤ k ≤ 28, -34 
≤ l ≤ 34 
Reflections collected 40104 204342 
Independent collections 5794 [R(int) = 0.0361] 18731 [R(int) = 0.0291] 










Max and min. transmission 0.7456 and 0.5917 0.7456 and 0.6938 
Refinement method 








Data / restraints / parameters 5794 / 11 / 302 18731 / 230 / 992 
Goodness–of–fit on F
2
 1.118 1.113 
Final R indices [I>2sigma(I)] R1 = 0.0461, wR2 = 0.0996 R1 = 0.0284, wR2 = 0.0847 
R indices (all data) R1 = 0.0671, wR2 = 0.1142 R1 = 0.0305, wR2 = 0.0858 




0.814 and -0.847 1.233 and -0.467  
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Table 2.4.19. Crystallographic parameters for compounds 2.6–BINOL, and 2.7.  
 2.6–BINOL (Penn4054) 2.7 (Penn4161) 
Empirical formula C102H96O12K2Ce C68H52O8Cs3Ce 
Formula weight 1732.11 1535.95 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system tetragonal orthorhombic 
Space group P41      P21212  
Cell constants   
a (Å) 20.0895(11) 17.0657(6) 
b (Å) 20.0895(11) 19.0484(7) 
c (Å) 23.6913(13) 21.6635(7) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 9561.5(9) 7042.2(4) 
Z 4 4 
ρcalc (mg/cm
3
) 1.203 1.449 
µ (Mo Kα) (mm
–1
) 0.62 2.222 
F(000) 3600 2988 
Crystal size (mm
3
) 0.30 x 0.05 x 0.05 0.15 x 0.12 x 0.10 
Theta range for data 
collection 
1.43 to 27.51° 1.60 to 27.62° 
Index ranges 
-25 ≤ h ≤ 26, -26 ≤ k ≤ 26, -30 
≤ l ≤ 30 
-21 ≤ h ≤ 22, -24 ≤ k ≤ 24, -28 
≤ l ≤ 27 
Reflections collected 115967 90214 
Independent collections 21914 [R(int) = 0.0549] 16288 [R(int) = 0.0347] 










Max and min. transmission 0.7456 and 0.6783 0.7456 and 0.6889 
Refinement method 








Data / restraints / parameters 21914 / 211 / 1093 16288 / 1073 / 722 
Goodness–of–fit on F
2
 0.968 1.137 
Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.0812 R1 = 0.0606, wR2 = 0.1685 
R indices (all data) R1 = 0.0547, wR2 = 0.0857 R1 = 0.0831, wR2 = 0.1835 




0.590 and -0.295 5.662 and -0.686 
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Table 2.4.20. Crystallographic parameters for compounds 2.8, and 2.9.  
 2.8 (Penn4221) 2.9 (Penn4028) 
Empirical formula C68H56O10Cs2Ce C132H112N6O18Li5Ce3 
Formula weight 1258.83 2525.34 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system hexagonal hexagonal 
Space group P6122 P63      
Cell constants   
a (Å) 16.5797(7) 25.0963(9) 
b (Å) 16.5797(7) 25.0963(9) 
c (Å) 36.2517(16) 28.5432(14) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 120.00 120.00 
V (Å
3
) 8630.0(6) 15568.7(11) 
Z 6 4 
ρcalc (mg/cm
3
) 1.453 1.077 
µ (Mo Kα) (mm
–1
) 2.083 0.915 
F(000) 3672 5116 
Crystal size (mm
3
) 0.50 x 0.08 x 0.08 0.22 x 0.08 x 0.01 
Theta range for data 
collection 
1.42 to 27.53° 1.62 to 23.25° 
Index ranges 
-21 ≤ h ≤ 21, -21 ≤ k ≤ 20, -45 
≤ l ≤ 47 
-27 ≤ h ≤ 27, -27 ≤ k ≤ 27, -31 
≤ l ≤ 31 
Reflections collected 132349 89091 
Independent collections 6635 [R(int) = 0.0511] 14924 [R(int) = 0.1832] 










Max and min. transmission 0.7456 and 0.6246 0.7456 and 0.5237 
Refinement method 








Data / restraints / parameters 6635 / 864 / 380 14924 / 71 / 986 
Goodness–of–fit on F
2
 1.227 1.118 
Final R indices [I>2sigma(I)] R1 = 0.0861, wR2 = 0.1864 R1 = 0.0827, wR2 = 0.2022 
R indices (all data) R1 = 0.0941, wR2 = 0.1898 R1 = 0.1541, wR2 = 0.2525 








 Table 2.4.21. Bond lengths for compound 2.1 (Å). 
Ce1-O3  2.374(3) Ce1-O5  2.3796(16) Ce1-O6  2.434(3) 
Ce1-O1  2.456(2) Ce1-O2  2.458(2) Ce1-O4  2.4592(19) 
Ce1-O7  2.561(3) Ce1-Li3  3.179(6) Ce1-Li1  3.183(6) 
Ce1-Li2  3.342(5) O1-C1  1.330(4) O1-Li3  1.835(9) 
O2-C20  1.347(4) O2-Li1  1.897(7) O3-C21  1.368(5) 
O3-Li1  1.830(7) O4-C40  1.333(3) O4-Li2  1.912(5) 
O5-C41  1.330(3) O5-Li2  1.907(5) O6-C60  1.326(4) 
O6-Li3  1.869(8) O7-C61  1.427(5) O7-C64  1.482(5) 
O8-C68  1.438(4) O8-C65  1.462(4) O8-Li1  1.917(7) 
O9-C72  1.444(6) O9-C69  1.452(7) O9-Li2  1.901(9) 
O10-C73  1.405(6) O10-C76'  1.407(8) O10-C76  1.430(8) 
O10-Li2  2.009(10) O11-C77  1.415(7) O11-C80  1.424(7) 
O11-Li3  1.907(6) C1-C2  1.421(5) C1-C10  1.430(5) 
C2-C3  1.358(5) C3-C4  1.438(5) C4-C5  1.399(7) 
C4-C9  1.449(5) C5-C6  1.357(5) C6-C7  1.444(7) 
C7-C8  1.398(5) C8-C9  1.412(5) C9-C10  1.422(5) 
C10-C11  1.497(5) C10-Li1  2.705(7) C11-C20  1.379(5) 
C11-C12  1.426(4) C12-C17  1.412(5) C12-C13  1.435(5) 
C13-C14  1.399(6) C14-C15  1.420(6) C15-C16  1.350(7) 
C16-C17  1.431(5) C17-C18  1.387(5) C18-C19  1.351(5) 
C19-C20  1.441(6) C21-C30  1.399(5) C21-C22  1.400(5) 
C22-C23  1.351(5) C23-C24  1.437(4) C24-C25  1.382(6) 
C24-C29  1.445(5) C25-C26  1.378(5) C26-C27  1.341(7) 
C27-C28  1.374(6) C28-C29  1.437(4) C29-C30  1.405(5) 
C30-C31  1.493(5) C31-C40  1.394(6) C31-C32  1.405(5) 
C32-C33  1.437(6) C32-C37  1.447(7) C33-C34  1.406(5) 
C34-C35  1.400(7) C35-C36  1.338(9) C36-C37  1.455(5) 
C37-C38  1.365(7) C38-C39  1.363(5) C39-C40  1.430(6) 
C41-C50  1.416(4) C41-C42  1.449(5) C42-C43  1.364(5) 
C43-C44  1.427(6) C44-C45  1.397(5) C44-C49  1.423(6) 
C45-C46  1.315(7) C46-C47  1.465(8) C47-C48  1.368(6) 
C48-C49  1.413(5) C49-C50  1.424(4) C50-C51  1.486(5) 
C51-C60  1.391(5) C51-C52  1.427(5) C52-C57  1.441(5) 
C52-C53  1.457(6) C53-C54  1.380(6) C54-C55  1.385(7) 
C55-C56  1.345(7) C56-C57  1.417(6) C57-C58  1.413(6) 
C58-C59  1.368(6) C59-C60  1.434(5) C61-C62  1.497(7) 
C62-C63  1.494(8) C63-C64  1.490(7) C65-C66  1.492(7) 
C66-C67  1.473(6) C67-C68  1.508(5) C69-C70  1.608(13) 
C70-C71  1.296(12) C71-C72  1.467(11) C73-C74  1.503(7) 
C74-C75  1.492(8) C75-C76'  1.495(8) C75-C76  1.566(8) 
C77-C78  1.498(9) C78-C79  1.409(8) C79-C80  1.427(7) 
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O12-C81  1.423(8) O12-C84  1.433(11) C81-C82  1.583(10) 
C82-C83  1.544(14) C83-C84  1.527(11)     
 
Table 2.4.22. Bond angles for compound 2.1 (o). 
O3-Ce1-O5 116.43(13) O3-Ce1-O6 152.60(9) O5-Ce1-O6 75.69(10) 
O3-Ce1-O1 85.11(9) O5-Ce1-O1 85.04(9) O6-Ce1-O1 71.02(8) 
O3-Ce1-O2 70.08(10) O5-Ce1-O2 157.14(7) O6-Ce1-O2 89.82(8) 
O1-Ce1-O2 73.43(8) O3-Ce1-O4 78.35(10) O5-Ce1-O4 68.30(6) 
O6-Ce1-O4 128.49(9) O1-Ce1-O4 137.27(9) O2-Ce1-O4 133.63(6) 
O3-Ce1-O7 100.48(9) O5-Ce1-O7 122.36(12) O6-Ce1-O7 91.53(10) 
O1-Ce1-O7 143.52(9) O2-Ce1-O7 74.80(10) O4-Ce1-O7 78.69(10) 
O3-Ce1-Li3 119.08(18) O5-Ce1-Li3 78.58(15) O6-Ce1-Li3 35.89(18) 
O1-Ce1-Li3 35.14(18) O2-Ce1-Li3 79.36(15) O4-Ce1-Li3 146.88(15) 
O7-Ce1-Li3 120.74(18) O3-Ce1-Li1 34.74(13) O5-Ce1-Li1 141.13(15) 
O6-Ce1-Li1 120.63(12) O1-Ce1-Li1 70.33(13) O2-Ce1-Li1 36.51(13) 
O4-Ce1-Li1 110.50(13) O7-Ce1-Li1 93.87(14) Li3-Ce1-Li1 95.58(19) 
O3-Ce1-Li2 99.57(18) O5-Ce1-Li2 33.94(9) O6-Ce1-Li2 102.17(15) 
O1-Ce1-Li2 113.60(13) O2-Ce1-Li2 167.50(12) O4-Ce1-Li2 34.41(10) 
O7-Ce1-Li2 101.07(15) Li3-Ce1-Li2 112.47(16) Li1-Ce1-Li2 134.2(2) 
C1-O1-Li3 126.6(3) C1-O1-Ce1 125.5(2) Li3-O1-Ce1 94.5(3) 
C20-O2-Li1 122.0(3) C20-O2-Ce1 120.60(17) Li1-O2-Ce1 93.0(2) 
C21-O3-Li1 134.9(3) C21-O3-Ce1 125.6(2) Li1-O3-Ce1 97.6(2) 
C40-O4-Li2 144.2(2) C40-O4-Ce1 116.64(18) Li2-O4-Ce1 98.97(16) 
C41-O5-Li2 137.1(2) C41-O5-Ce1 119.26(17) Li2-O5-Ce1 101.90(16) 
C60-O6-Li3 122.8(3) C60-O6-Ce1 124.35(19) Li3-O6-Ce1 94.3(3) 
C61-O7-C64 107.8(3) C61-O7-Ce1 128.2(3) C64-O7-Ce1 123.7(2) 
C68-O8-C65 108.7(3) C68-O8-Li1 119.4(3) C65-O8-Li1 113.1(3) 
C72-O9-C69 107.6(4) C72-O9-Li2 117.9(4) C69-O9-Li2 129.2(4) 
C73-O10-C76' 110.6(5) C73-O10-C76 109.1(5) C76'-O10-C76 32.6(6) 
C73-O10-Li2 117.9(4) C76'-O10-Li2 130.8(5) C76-O10-Li2 116.8(4) 
C77-O11-C80 109.7(3) C77-O11-Li3 126.4(5) C80-O11-Li3 123.8(5) 
O1-C1-C2 118.2(3) O1-C1-C10 123.2(3) C2-C1-C10 118.6(3) 
C3-C2-C1 122.6(3) C2-C3-C4 120.7(3) C5-C4-C3 122.0(4) 
C5-C4-C9 120.2(4) C3-C4-C9 117.8(3) C6-C5-C4 121.5(5) 
C5-C6-C7 120.1(5) C8-C7-C6 119.3(4) C7-C8-C9 121.4(4) 
C8-C9-C10 121.9(3) C8-C9-C4 117.6(3) C10-C9-C4 120.5(3) 
C9-C10-C1 119.2(3) C9-C10-C11 122.4(3) C1-C10-C11 118.4(3) 
C9-C10-Li1 93.5(2) C1-C10-Li1 82.9(2) C11-C10-Li1 93.9(2) 
C20-C11-C12 120.2(3) C20-C11-C10 119.0(3) C12-C11-C10 120.7(3) 
C17-C12-C11 119.6(3) C17-C12-C13 118.9(3) C11-C12-C13 121.5(3) 
C14-C13-C12 119.8(4) C13-C14-C15 120.4(5) C16-C15-C14 119.9(5) 
C15-C16-C17 121.8(4) C18-C17-C12 119.2(3) C18-C17-C16 121.6(4) 
C12-C17-C16 119.2(4) C19-C18-C17 121.5(3) C18-C19-C20 121.0(3) 
 175 
 
O2-C20-C11 121.9(4) O2-C20-C19 119.6(3) C11-C20-C19 118.5(3) 
O3-C21-C30 121.7(4) O3-C21-C22 118.1(3) C30-C21-C22 120.2(3) 
C23-C22-C21 122.1(3) C22-C23-C24 120.8(3) C25-C24-C23 122.8(4) 
C25-C24-C29 120.6(4) C23-C24-C29 116.6(3) C26-C25-C24 121.1(6) 
C27-C26-C25 120.1(5) C26-C27-C28 121.8(4) C27-C28-C29 121.3(4) 
C30-C29-C28 123.4(3) C30-C29-C24 121.4(3) C28-C29-C24 115.0(3) 
C21-C30-C29 118.8(3) C21-C30-C31 122.3(3) C29-C30-C31 118.9(3) 
C40-C31-C32 120.1(4) C40-C31-C30 118.9(3) C32-C31-C30 121.0(3) 
C31-C32-C33 122.5(4) C31-C32-C37 120.0(4) C33-C32-C37 117.4(4) 
C34-C33-C32 122.6(4) C35-C34-C33 118.8(5) C36-C35-C34 120.5(5) 
C35-C36-C37 124.1(7) C38-C37-C32 118.1(3) C38-C37-C36 125.5(6) 
C32-C37-C36 116.5(6) C39-C38-C37 122.2(4) C38-C39-C40 121.2(4) 
O4-C40-C31 124.1(4) O4-C40-C39 118.0(4) C31-C40-C39 117.9(3) 
O5-C41-C50 123.1(3) O5-C41-C42 117.4(3) C50-C41-C42 119.5(3) 
C43-C42-C41 120.5(3) C42-C43-C44 121.4(4) C45-C44-C49 121.4(4) 
C45-C44-C43 120.0(4) C49-C44-C43 118.6(3) C46-C45-C44 121.7(5) 
C45-C46-C47 118.6(5) C48-C47-C46 120.6(5) C47-C48-C49 120.4(4) 
C48-C49-C44 117.0(3) C48-C49-C50 122.1(3) C44-C49-C50 120.9(3) 
C41-C50-C49 118.9(3) C41-C50-C51 119.5(3) C49-C50-C51 121.5(3) 
C60-C51-C52 118.8(3) C60-C51-C50 119.7(3) C52-C51-C50 121.5(4) 
C51-C52-C57 121.3(4) C51-C52-C53 122.1(3) C57-C52-C53 116.6(4) 
C54-C53-C52 119.7(4) C53-C54-C55 122.5(5) C56-C55-C54 119.6(4) 
C55-C56-C57 122.3(4) C58-C57-C56 122.8(4) C58-C57-C52 117.8(4) 
C56-C57-C52 119.4(4) C59-C58-C57 120.7(4) C58-C59-C60 121.8(4) 
O6-C60-C51 122.1(3) O6-C60-C59 118.5(3) C51-C60-C59 119.5(3) 
O7-C61-C62 104.6(4) C63-C62-C61 102.9(4) C64-C63-C62 107.5(4) 
O7-C64-C63 104.6(4) O8-C65-C66 104.9(4) C67-C66-C65 103.0(3) 
C66-C67-C68 102.6(3) O8-C68-C67 105.0(3) O9-C69-C70 99.3(6) 
C71-C70-C69 114.0(8) C70-C71-C72 105.1(8) O9-C72-C71 111.3(6) 
O10-C73-C74 104.6(5) C75-C74-C73 104.1(5) C74-C75-C76' 99.9(7) 
C74-C75-C76 106.4(6) C76'-C75-C76 30.0(5) O10-C76-C75 101.4(6) 
O10-C76'-C75 106.1(7) O11-C77-C78 100.7(5) C79-C78-C77 115.2(7) 
C78-C79-C80 100.4(6) O11-C80-C79 112.8(5) O3-Li1-O2 96.2(3) 
O3-Li1-O8 113.7(3) O2-Li1-O8 134.3(4) O3-Li1-C10 116.4(3) 
O2-Li1-C10 73.3(2) O8-Li1-C10 117.2(3) O3-Li1-Ce1 47.66(17) 
O2-Li1-Ce1 50.44(16) O8-Li1-Ce1 154.9(3) C10-Li1-Ce1 87.89(18) 
O9-Li2-O5 116.3(4) O9-Li2-O4 121.5(5) O5-Li2-O4 90.7(2) 
O9-Li2-O10 105.0(3) O5-Li2-O10 107.8(5) O4-Li2-O10 114.8(4) 
O9-Li2-Ce1 135.1(4) O5-Li2-Ce1 44.17(11) O4-Li2-Ce1 46.62(12) 
O10-Li2-Ce1 119.2(4) O1-Li3-O6 100.2(3) O1-Li3-O11 123.3(5) 
O6-Li3-O11 136.3(5) O1-Li3-Ce1 50.39(16) O6-Li3-Ce1 49.79(16) 
O11-Li3-Ce1 172.2(4) C81-O12-C84 108.0(5) O12-C81-C82 102.6(6) 
C83-C82-C81 92.6(7) C84-C83-C82 96.5(8) O12-C84-C83 103.3(6) 
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Table 2.4.23. Bond lengths for compound 2.1–DMEDA (Å). 
Ce1-O2#1  2.354(6) Ce1-O2  2.354(6) Ce1-O1#1  2.380(5) 
Ce1-O1  2.380(5) Ce1-O3#1  2.393(6) Ce1-O3  2.393(6) 
Ce1-Li2  3.23(3) Ce1-Li1#1  3.245(12) Ce1-Li1  3.245(12) 
O1-C1  1.338(9) O1-Li1#1  1.899(15) O2-C20  1.323(9) 
O2-Li2  1.923(19) O3-C21  1.324(10) O3-Li1  1.886(15) 
N1-C31  1.464(13) N1-C33  1.464(15) N1-Li1  2.094(15) 
N2-C34  1.439(15) N2-C32  1.441(15) N2-Li1  2.066(15) 
N3-C35  1.41(2) N3-C36  1.460(18) N3-Li2  2.11(2) 
C1-C10  1.386(10) C1-C2  1.440(10) C2-C3  1.356(13) 
C3-C4  1.420(13) C4-C9  1.413(10) C4-C5  1.427(12) 
C5-C6  1.346(14) C6-C7  1.412(13) C7-C8  1.374(11) 
C8-C9  1.425(11) C9-C10  1.437(10) C10-C11  1.502(9) 
C11-C20  1.390(10) C11-C12  1.417(11) C12-C13  1.421(11) 
C12-C17  1.432(11) C13-C14  1.347(12) C14-C15  1.399(13) 
C15-C16  1.366(14) C16-C17  1.406(13) C17-C18  1.408(13) 
C18-C19  1.364(13) C19-C20  1.454(11) C21-C30  1.390(10) 
C21-C22  1.427(10) C22-C23  1.327(12) C23-C24  1.404(11) 
C24-C29  1.431(9) C24-C25  1.430(11) C25-C26  1.343(13) 
C26-C27  1.429(12) C27-C28  1.348(11) C28-C29  1.420(11) 
C29-C30  1.427(11) C30-C30#1  1.521(12) C31-C32  1.465(17) 
C35-C35#1  1.51(3) Li1-O1#1  1.899(15) Li2-O2#1  1.923(18) 
Li2-N3#1  2.11(2) Ce1'-O3'  2.373(7) Ce1'-O3'#2  2.373(7) 
Ce1'-O2'  2.399(6) Ce1'-O2'#2  2.399(6) Ce1'-O1'  2.399(5) 
Ce1'-O1'#2  2.399(5) Ce1'-Li2'  3.24(3) Ce1'-Li1'#2  3.283(14) 
Ce1'-Li1'  3.283(14) O1'-C1'  1.325(9) O1'-Li1'#2  1.958(15) 
O2'-C20'  1.327(9) O2'-Li2'  1.920(18) O3'-C21'  1.325(10) 
O3'-Li1'  1.882(15) N1'-C31'  1.439(11) N1'-C33'  1.463(12) 
N1'-Li1'  2.113(16) N2'-C34'  1.462(12) N2'-C32'  1.470(13) 
N2'-Li1'  2.104(15) N3'-C36'  1.434(17) N3'-C35'  1.52(2) 
N3'-Li2'  2.09(2) C1'-C10'  1.404(10) C1'-C2'  1.432(11) 
C2'-C3'  1.354(13) C3'-C4'  1.416(12) C4'-C5'  1.412(12) 
C4'-C9'  1.422(10) C5'-C6'  1.347(15) C6'-C7'  1.400(15) 
C7'-C8'  1.374(12) C8'-C9'  1.406(11) C9'-C10'  1.427(10) 
C10'-C11'  1.510(10) C11'-C20'  1.393(10) C11'-C12'  1.408(10) 
C12'-C17'  1.412(11) C12'-C13'  1.416(10) C13'-C14'  1.367(11) 
C14'-C15'  1.389(14) C15'-C16'  1.369(14) C16'-C17'  1.425(13) 
C17'-C18'  1.394(13) C18'-C19'  1.350(14) C19'-C20'  1.433(12) 
C21'-C30'  1.382(10) C21'-C22'  1.433(11) C22'-C23'  1.351(13) 
C23'-C24'  1.399(12) C24'-C29'  1.415(10) C24'-C25'  1.436(11) 
C25'-C26'  1.362(14) C26'-C27'  1.388(13) C27'-C28'  1.370(10) 
C28'-C29'  1.417(10) C29'-C30'  1.454(10) C30'-C30'#2  1.494(12) 
C31'-C32'  1.503(14) C35'-C35'#2  1.47(3) Li1'-O1'#2  1.958(15) 
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Li2'-O2'#2  1.920(18) Li2'-N3'#2  2.09(2)   
 
Table 2.4.24 Bond angles for compound 2.1–(DMEDA) (o). 
O2#1-Ce1-O2 72.5(3) O2#1-Ce1-O1#1 81.76(19) O2-Ce1-O1#1 92.94(19) 
O2#1-Ce1-O1 92.94(19) O2-Ce1-O1 81.76(19) O1#1-Ce1-O1 173.5(3) 
O2#1-Ce1-O3#1 163.40(17) O2-Ce1-O3#1 105.6(2) O1#1-Ce1-O3#1 114.83(19) 
O1-Ce1-O3#1 70.54(19) O2#1-Ce1-O3 105.6(2) O2-Ce1-O3 163.40(17) 
O1#1-Ce1-O3 70.54(19) O1-Ce1-O3 114.83(19) O3#1-Ce1-O3 80.9(3) 
O2#1-Ce1-Li2 36.25(14) O2-Ce1-Li2 36.25(14) O1#1-Ce1-Li2 86.73(13) 
O1-Ce1-Li2 86.73(13) O3#1-Ce1-Li2 139.53(14) O3-Ce1-Li2 139.53(15) 
O2#1-Ce1-Li1#1 128.3(3) O2-Ce1-Li1#1 95.2(3) O1#1-Ce1-Li1#1 149.9(3) 
O1-Ce1-Li1#1 35.4(3) O3#1-Ce1-Li1#1 35.1(3) O3-Ce1-Li1#1 98.5(3) 
Li2-Ce1-Li1#1 116.1(3) O2#1-Ce1-Li1 95.2(3) O2-Ce1-Li1 128.3(3) 
O1#1-Ce1-Li1 35.4(3) O1-Ce1-Li1 149.9(3) O3#1-Ce1-Li1 98.5(3) 
O3-Ce1-Li1 35.1(3) Li2-Ce1-Li1 116.1(3) Li1#1-Ce1-Li1 127.8(5) 
C1-O1-Li1#1 130.3(6) C1-O1-Ce1 120.9(4) Li1#1-O1-Ce1 98.0(5) 
C20-O2-Li2 139.9(6) C20-O2-Ce1 112.5(5) Li2-O2-Ce1 97.4(6) 
C21-O3-Li1 141.6(7) C21-O3-Ce1 118.3(5) Li1-O3-Ce1 97.9(5) 
C31-N1-C33 116.2(10) C31-N1-Li1 104.8(7) C33-N1-Li1 110.0(8) 
C34-N2-C32 115.1(11) C34-N2-Li1 113.3(9) C32-N2-Li1 104.6(7) 
C35-N3-C36 113.0(13) C35-N3-Li2 105.9(10) C36-N3-Li2 109.3(9) 
O1-C1-C10 122.5(6) O1-C1-C2 119.0(7) C10-C1-C2 118.5(7) 
C3-C2-C1 121.8(8) C2-C3-C4 120.7(7) C9-C4-C3 118.8(8) 
C9-C4-C5 118.7(8) C3-C4-C5 122.3(8) C6-C5-C4 121.7(8) 
C5-C6-C7 120.0(8) C8-C7-C6 120.2(9) C7-C8-C9 120.9(8) 
C4-C9-C8 118.4(7) C4-C9-C10 120.0(7) C8-C9-C10 121.6(7) 
C1-C10-C9 120.1(6) C1-C10-C11 120.9(6) C9-C10-C11 119.0(6) 
C20-C11-C12 119.2(7) C20-C11-C10 119.9(7) C12-C11-C10 120.9(6) 
C11-C12-C13 122.7(7) C11-C12-C17 121.3(7) C13-C12-C17 116.0(7) 
C14-C13-C12 121.5(8) C13-C14-C15 122.1(8) C16-C15-C14 119.1(8) 
C15-C16-C17 120.4(8) C18-C17-C16 120.7(8) C18-C17-C12 118.4(8) 
C16-C17-C12 120.9(8) C19-C18-C17 120.6(7) C18-C19-C20 121.5(8) 
O2-C20-C11 121.3(7) O2-C20-C19 119.8(7) C11-C20-C19 118.9(7) 
O3-C21-C30 121.6(6) O3-C21-C22 119.9(7) C30-C21-C22 118.5(7) 
C23-C22-C21 123.0(7) C22-C23-C24 120.3(6) C23-C24-C29 119.3(7) 
C23-C24-C25 121.9(7) C29-C24-C25 118.7(7) C26-C25-C24 121.6(7) 
C25-C26-C27 119.6(8) C28-C27-C26 120.4(8) C27-C28-C29 122.1(7) 
C28-C29-C30 123.2(6) C28-C29-C24 117.5(7) C30-C29-C24 119.2(7) 
C21-C30-C29 119.5(6) C21-C30-C30#1 120.0(5) C29-C30-C30#1 120.4(6) 
C32-C31-N1 113.3(10) N2-C32-C31 113.6(10) N3-C35-C35#1 113.8(9) 
O3-Li1-O1#1 93.5(6) O3-Li1-N2 116.2(8) O1#1-Li1-N2 133.8(8) 
O3-Li1-N1 119.1(8) O1#1-Li1-N1 110.3(7) N2-Li1-N1 86.3(6) 
O3-Li1-Ce1 46.9(3) O1#1-Li1-Ce1 46.6(3) N2-Li1-Ce1 147.0(6) 
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N1-Li1-Ce1 126.3(6) O2#1-Li2-O2 92.7(11) O2#1-Li2-N3#1 138.7(3) 
O2-Li2-N3#1 105.7(4) O2#1-Li2-N3 105.7(4) O2-Li2-N3 138.7(3) 
N3#1-Li2-N3 84.6(12) O2#1-Li2-Ce1 46.3(6) O2-Li2-Ce1 46.3(6) 
N3#1-Li2-Ce1 137.7(6) N3-Li2-Ce1 137.7(6) O3'-Ce1'-O3'#2 83.8(3) 
O3'-Ce1'-O2' 163.60(17) O3'#2-Ce1'-O2' 104.1(2) O3'-Ce1'-O2'#2 104.1(2) 
O3'#2-Ce1'-O2'#2 163.60(18) O2'-Ce1'-O2'#2 72.3(3) O3'-Ce1'-O1' 117.3(2) 
O3'#2-Ce1'-O1' 70.6(2) O2'-Ce1'-O1' 79.02(19) O2'#2-Ce1'-O1' 93.06(19) 
O3'-Ce1'-O1'#2 70.6(2) O3'#2-Ce1'-O1'#2 117.3(2) O2'-Ce1'-O1'#2 93.06(19) 
O2'#2-Ce1'-O1'#2 79.02(19) O1'-Ce1'-O1'#2 170.3(3) O3'-Ce1'-Li2' 138.09(14) 
O3'#2-Ce1'-Li2' 138.09(14) O2'-Ce1'-Li2' 36.13(15) O2'#2-Ce1'-Li2' 36.13(15) 
O1'-Ce1'-Li2' 85.13(13) O1'#2-Ce1'-Li2' 85.13(13) O3'-Ce1'-Li1'#2 100.6(3) 
O3'#2-Ce1'-Li1'#2 34.3(3) O2'-Ce1'-Li1'#2 93.6(3) O2'#2-Ce1'-Li1'#2 129.3(3) 
O1'-Ce1'-Li1'#2 36.3(3) O1'#2-Ce1'-Li1'#2 151.6(3) Li2'-Ce1'-Li1'#2 115.5(2) 
O3'-Ce1'-Li1' 34.3(3) O3'#2-Ce1'-Li1' 100.6(3) O2'-Ce1'-Li1' 129.3(3) 
O2'#2-Ce1'-Li1' 93.6(3) O1'-Ce1'-Li1' 151.6(3) O1'#2-Ce1'-Li1' 36.3(3) 
Li2'-Ce1'-Li1' 115.5(2) Li1'#2-Ce1'-Li1' 128.9(5) C1'-O1'-Li1'#2 131.2(6) 
C1'-O1'-Ce1' 122.0(4) Li1'#2-O1'-Ce1' 97.3(5) C20'-O2'-Li2' 141.6(7) 
C20'-O2'-Ce1' 112.8(5) Li2'-O2'-Ce1' 96.4(6) C21'-O3'-Li1' 140.4(7) 
C21'-O3'-Ce1' 116.6(4) Li1'-O3'-Ce1' 100.3(5) C31'-N1'-C33' 112.9(8) 
C31'-N1'-Li1' 105.0(7) C33'-N1'-Li1' 118.8(8) C34'-N2'-C32' 110.4(8) 
C34'-N2'-Li1' 116.7(7) C32'-N2'-Li1' 103.2(7) C36'-N3'-C35' 114.0(12) 
C36'-N3'-Li2' 113.6(9) C35'-N3'-Li2' 103.5(9) O1'-C1'-C10' 122.1(7) 
O1'-C1'-C2' 120.3(7) C10'-C1'-C2' 117.7(7) C3'-C2'-C1' 121.8(8) 
C2'-C3'-C4' 121.5(8) C5'-C4'-C3' 122.5(8) C5'-C4'-C9' 118.9(8) 
C3'-C4'-C9' 118.6(8) C6'-C5'-C4' 122.1(9) C5'-C6'-C7' 119.7(8) 
C8'-C7'-C6' 119.9(9) C7'-C8'-C9' 122.0(8) C8'-C9'-C4' 117.5(7) 
C8'-C9'-C10' 123.2(7) C4'-C9'-C10' 119.3(7) C1'-C10'-C9' 121.1(7) 
C1'-C10'-C11' 119.1(6) C9'-C10'-C11' 119.8(6) C20'-C11'-C12' 120.4(7) 
C20'-C11'-C10' 118.2(6) C12'-C11'-C10' 121.3(6) C11'-C12'-C17' 119.5(7) 
C11'-C12'-C13' 122.6(7) C17'-C12'-C13' 117.9(7) C14'-C13'-C12' 121.6(8) 
C13'-C14'-C15' 121.1(8) C16'-C15'-C14' 118.9(9) C15'-C16'-C17' 121.9(9) 
C18'-C17'-C12' 119.2(8) C18'-C17'-C16' 122.3(8) C12'-C17'-C16' 118.6(8) 
C19'-C18'-C17' 121.7(8) C18'-C19'-C20' 120.5(8) O2'-C20'-C11' 122.5(7) 
O2'-C20'-C19' 119.0(7) C11'-C20'-C19' 118.5(7) O3'-C21'-C30' 121.8(7) 
O3'-C21'-C22' 119.9(7) C30'-C21'-C22' 118.3(7) C23'-C22'-C21' 122.6(7) 
C22'-C23'-C24' 120.3(7) C23'-C24'-C29' 119.5(7) C23'-C24'-C25' 123.0(7) 
C29'-C24'-C25' 117.6(7) C26'-C25'-C24' 121.5(8) C25'-C26'-C27' 120.1(8) 
C28'-C27'-C26' 120.7(8) C27'-C28'-C29' 120.8(7) C28'-C29'-C24' 119.2(7) 
C28'-C29'-C30' 121.3(7) C24'-C29'-C30' 119.5(7) C21'-C30'-C29' 119.4(6) 
C21'-C30'-C30'#2 120.7(6) C29'-C30'-C30'#2 119.8(5) N1'-C31'-C32' 108.9(8) 
N2'-C32'-C31' 110.6(9) C35'#2-C35'-N3' 109.4(9) O3'-Li1'-O1'#2 91.7(7) 
O3'-Li1'-N2' 113.3(7) O1'#2-Li1'-N2' 142.4(7) O3'-Li1'-N1' 119.3(7) 
O1'#2-Li1'-N1' 107.6(7) N2'-Li1'-N1' 84.9(6) O3'-Li1'-Ce1' 45.3(4) 
 179 
 
O1'#2-Li1'-Ce1' 46.5(3) N2'-Li1'-Ce1' 150.1(6) N1'-Li1'-Ce1' 122.5(5) 
O2'#2-Li2'-O2' 94.9(12) O2'#2-Li2'-N3' 135.8(3) O2'-Li2'-N3' 105.5(4) 
O2'#2-Li2'-N3'#2 105.5(4) O2'-Li2'-N3'#2 135.8(3) N3'-Li2'-N3'#2 86.6(11) 
O2'#2-Li2'-Ce1' 47.5(6) O2'-Li2'-Ce1' 47.5(6) N3'-Li2'-Ce1' 136.7(6) 
N3'#2-Li2'-Ce1' 136.7(6)     
 
Table 2.4.25. Bond lengths for compound 2.1–TPPO (Å). 
Ce1-O2  2.3815(19) Ce1-O4  2.4034(19) Ce1-O6  2.418(2) 
Ce1-O1  2.429(2) Ce1-O5  2.4390(18) Ce1-O3  2.4828(17) 
Ce1-O13  2.5165(19) Ce1-Li1  3.288(5) Ce1-Li2  3.292(6) 
Ce1-Li3  3.315(5) P1-O13  1.487(2) P1-C79  1.793(3) 
P1-C85  1.799(3) P1-C73  1.811(3) O1-C1  1.318(3) 
O1-Li3  1.903(5) O2-C20  1.324(3) O2-Li1  1.865(5) 
O3-C21  1.327(3) O3-Li1  1.890(5) O4-C40  1.320(3) 
O4-Li2  1.906(6) O5-C41  1.331(4) O5-Li2  1.907(7) 
O6-C60  1.324(3) O6-Li3  1.895(6) O7-C62  1.410(4) 
O7-C61  1.420(5) O7-Li1  2.004(6) O8-C64  1.410(4) 
O8-C63  1.427(4) O8-Li1  1.988(6) O9-C66  1.412(5) 
O9-C65  1.420(5) O9-Li2  2.170(6) O10-C68  1.398(5) 
O10-C67  1.406(5) O10-Li2  2.020(7) O11-C70  1.395(5) 
O11-C69  1.423(6) O11-Li3  2.058(7) O12-C72  1.383(6) 
O12-C71  1.405(6) O12-Li3  2.035(6) C1-C10  1.389(4) 
C1-C2  1.420(4) C2-C3  1.362(5) C3-C4  1.395(5) 
C4-C5  1.421(4) C4-C9  1.432(5) C5-C6  1.356(6) 
C6-C7  1.403(6) C7-C8  1.378(4) C8-C9  1.418(4) 
C9-C10  1.429(4) C10-C11  1.494(4) C11-C20  1.381(4) 
C11-C12  1.426(4) C12-C13  1.419(4) C12-C17  1.424(4) 
C13-C14  1.369(5) C14-C15  1.411(6) C15-C16  1.352(6) 
C16-C17  1.412(4) C17-C18  1.401(5) C18-C19  1.358(4) 
C19-C20  1.428(4) C21-C30  1.378(4) C21-C22  1.427(4) 
C22-C23  1.365(4) C23-C24  1.406(4) C24-C29  1.412(4) 
C24-C25  1.419(4) C25-C26  1.361(5) C26-C27  1.407(6) 
C27-C28  1.372(5) C28-C29  1.412(4) C29-C30  1.435(4) 
C30-C31  1.486(4) C31-C40  1.396(4) C31-C32  1.427(4) 
C32-C33  1.416(4) C32-C37  1.422(4) C33-C34  1.368(5) 
C34-C35  1.399(5) C35-C36  1.376(5) C36-C37  1.415(4) 
C37-C38  1.401(4) C38-C39  1.362(4) C39-C40  1.428(4) 
C41-C50  1.399(4) C41-C42  1.408(5) C42-C43  1.365(5) 
C43-C44  1.402(5) C44-C49  1.419(6) C44-C45  1.434(5) 
C45-C46  1.357(6) C46-C47  1.399(7) C47-C48  1.356(5) 
C48-C49  1.424(5) C49-C50  1.431(4) C50-C51  1.485(5) 
C51-C60  1.384(4) C51-C52  1.425(4) C52-C57  1.422(6) 
C52-C53  1.433(5) C53-C54  1.371(6) C54-C55  1.403(7) 
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C55-C56  1.342(7) C56-C57  1.418(5) C57-C58  1.422(5) 
C58-C59  1.367(5) C59-C60  1.429(4) C62-C63  1.499(6) 
C63-Li1  2.777(6) C66-C67  1.499(7) C70-C71  1.464(9) 
C73-C74  1.379(5) C73-C78  1.391(4) C74-C75  1.389(5) 
C75-C76  1.370(6) C76-C77  1.366(6) C77-C78  1.394(5) 
C79-C80  1.381(5) C79-C84  1.393(5) C80-C81  1.384(5) 
C81-C82  1.380(7) C82-C83  1.400(8) C83-C84  1.393(6) 
C85-C90  1.375(5) C85-C86  1.379(5) C86-C87  1.399(7) 
C87-C88  1.382(8) C88-C89  1.360(8) C89-C90  1.393(5) 
O14-C94  1.331(8) O14-C93  1.428(9) O15-C91  1.278(9) 
O15-C92  1.336(10) C92-C93  1.475(11) C95-C96  1.452(8) 
C96-C97  1.540(8) C97-C98  1.538(8) C98-C99  1.558(8) 
 
Table 2.4.26 Bond angles for compound 2.1–TPPO (o). 
O2-Ce1-O4 92.76(7) O2-Ce1-O6 85.66(7) O4-Ce1-O6 84.13(7) 
O2-Ce1-O1 74.96(7) O4-Ce1-O1 150.69(7) O6-Ce1-O1 68.70(7) 
O2-Ce1-O5 155.64(7) O4-Ce1-O5 69.56(7) O6-Ce1-O5 76.22(6) 
O1-Ce1-O5 112.20(7) O2-Ce1-O3 68.40(6) O4-Ce1-O3 76.03(6) 
O6-Ce1-O3 146.09(7) O1-Ce1-O3 121.28(6) O5-Ce1-O3 120.23(6) 
O2-Ce1-O13 120.77(7) O4-Ce1-O13 127.61(7) O6-Ce1-O13 132.79(7) 
O1-Ce1-O13 80.75(7) O5-Ce1-O13 83.59(7) O3-Ce1-O13 80.62(6) 
O2-Ce1-Li1 33.87(10) O4-Ce1-Li1 86.75(11) O6-Ce1-Li1 118.10(10) 
O1-Ce1-Li1 96.23(10) O5-Ce1-Li1 151.50(10) O3-Ce1-Li1 34.84(10) 
O13-Ce1-Li1 99.74(11) O2-Ce1-Li2 126.91(12) O4-Ce1-Li2 34.87(12) 
O6-Ce1-Li2 81.69(12) O1-Ce1-Li2 142.25(12) O5-Ce1-Li2 35.03(12) 
O3-Ce1-Li2 96.37(12) O13-Ce1-Li2 104.96(12) Li1-Ce1-Li2 118.73(14) 
O2-Ce1-Li3 80.43(11) O4-Ce1-Li3 118.11(11) O6-Ce1-Li3 34.29(11) 
O1-Ce1-Li3 34.53(10) O5-Ce1-Li3 92.99(10) O3-Ce1-Li3 146.73(10) 
O13-Ce1-Li3 107.06(12) Li1-Ce1-Li3 112.61(13) Li2-Ce1-Li3 111.98(14) 
O13-P1-C79 112.41(13) O13-P1-C85 112.20(15) C79-P1-C85 107.01(16) 
O13-P1-C73 112.16(13) C79-P1-C73 107.37(14) C85-P1-C73 105.24(14) 
C1-O1-Li3 128.5(2) C1-O1-Ce1 121.29(16) Li3-O1-Ce1 99.12(18) 
C20-O2-Li1 133.9(2) C20-O2-Ce1 124.83(16) Li1-O2-Ce1 100.77(17) 
C21-O3-Li1 145.5(2) C21-O3-Ce1 113.04(14) Li1-O3-Ce1 96.55(17) 
C40-O4-Li2 128.9(3) C40-O4-Ce1 129.18(16) Li2-O4-Ce1 99.0(2) 
C41-O5-Li2 131.2(3) C41-O5-Ce1 118.66(17) Li2-O5-Ce1 97.74(19) 
C60-O6-Li3 133.0(2) C60-O6-Ce1 124.17(16) Li3-O6-Ce1 99.76(18) 
C62-O7-C61 112.5(3) C62-O7-Li1 112.3(3) C61-O7-Li1 129.5(3) 
C64-O8-C63 112.5(3) C64-O8-Li1 122.7(3) C63-O8-Li1 107.7(3) 
C66-O9-C65 114.5(4) C66-O9-Li2 105.8(3) C65-O9-Li2 110.2(3) 
C68-O10-C67 113.0(3) C68-O10-Li2 126.8(3) C67-O10-Li2 117.3(3) 
C70-O11-C69 112.8(4) C70-O11-Li3 112.9(3) C69-O11-Li3 120.8(3) 
C72-O12-C71 114.9(4) C72-O12-Li3 127.7(3) C71-O12-Li3 113.2(3) 
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P1-O13-Ce1 171.54(14) O1-C1-C10 122.2(3) O1-C1-C2 118.6(3) 
C10-C1-C2 119.2(3) C3-C2-C1 121.5(3) C2-C3-C4 121.2(3) 
C3-C4-C5 122.7(3) C3-C4-C9 118.5(3) C5-C4-C9 118.8(3) 
C6-C5-C4 121.5(3) C5-C6-C7 120.3(3) C8-C7-C6 120.0(3) 
C7-C8-C9 121.5(3) C8-C9-C10 122.3(3) C8-C9-C4 117.8(3) 
C10-C9-C4 119.9(3) C1-C10-C9 119.5(3) C1-C10-C11 119.6(2) 
C9-C10-C11 120.8(2) C20-C11-C12 119.4(3) C20-C11-C10 119.8(2) 
C12-C11-C10 120.8(3) C13-C12-C17 117.2(3) C13-C12-C11 122.4(3) 
C17-C12-C11 120.4(3) C14-C13-C12 122.1(3) C13-C14-C15 120.0(3) 
C16-C15-C14 119.3(3) C15-C16-C17 122.4(3) C18-C17-C16 122.4(3) 
C18-C17-C12 118.5(3) C16-C17-C12 119.0(3) C19-C18-C17 120.8(3) 
C18-C19-C20 121.6(3) O2-C20-C11 122.9(3) O2-C20-C19 117.9(3) 
C11-C20-C19 119.2(3) O3-C21-C30 122.8(3) O3-C21-C22 118.5(2) 
C30-C21-C22 118.7(2) C23-C22-C21 121.9(3) C22-C23-C24 120.6(3) 
C23-C24-C29 118.4(3) C23-C24-C25 121.8(3) C29-C24-C25 119.8(3) 
C26-C25-C24 120.8(3) C25-C26-C27 119.5(3) C28-C27-C26 121.0(3) 
C27-C28-C29 120.8(3) C24-C29-C28 118.1(3) C24-C29-C30 120.7(3) 
C28-C29-C30 121.2(3) C21-C30-C29 119.5(3) C21-C30-C31 121.0(2) 
C29-C30-C31 119.5(3) C40-C31-C32 120.0(3) C40-C31-C30 118.7(3) 
C32-C31-C30 121.3(3) C33-C32-C37 118.2(3) C33-C32-C31 121.8(3) 
C37-C32-C31 120.1(3) C34-C33-C32 120.9(3) C33-C34-C35 121.3(3) 
C36-C35-C34 119.1(3) C35-C36-C37 121.2(3) C38-C37-C36 122.2(3) 
C38-C37-C32 118.6(3) C36-C37-C32 119.2(3) C39-C38-C37 121.2(3) 
C38-C39-C40 121.6(3) O4-C40-C31 121.9(3) O4-C40-C39 119.7(3) 
C31-C40-C39 118.4(3) O5-C41-C50 121.7(3) O5-C41-C42 118.9(3) 
C50-C41-C42 119.4(3) C43-C42-C41 122.1(3) C42-C43-C44 120.0(4) 
C43-C44-C49 119.7(3) C43-C44-C45 122.3(4) C49-C44-C45 118.0(4) 
C46-C45-C44 121.7(4) C45-C46-C47 119.7(4) C48-C47-C46 120.9(4) 
C47-C48-C49 121.3(4) C44-C49-C48 118.4(3) C44-C49-C50 119.7(3) 
C48-C49-C50 121.9(3) C41-C50-C49 119.0(3) C41-C50-C51 120.5(3) 
C49-C50-C51 120.4(3) C60-C51-C52 119.1(3) C60-C51-C50 119.2(3) 
C52-C51-C50 121.6(3) C57-C52-C51 121.1(3) C57-C52-C53 116.8(3) 
C51-C52-C53 122.2(4) C54-C53-C52 120.6(5) C53-C54-C55 121.2(4) 
C56-C55-C54 120.1(4) C55-C56-C57 120.9(5) C56-C57-C58 121.1(4) 
C56-C57-C52 120.4(4) C58-C57-C52 118.5(3) C59-C58-C57 119.8(3) 
C58-C59-C60 122.1(3) O6-C60-C51 122.8(3) O6-C60-C59 117.9(3) 
C51-C60-C59 119.3(3) O7-C62-C63 106.6(3) O8-C63-C62 107.6(3) 
O8-C63-Li1 42.97(18) C62-C63-Li1 77.4(2) O9-C66-C67 111.0(4) 
O10-C67-C66 107.0(4) O11-C70-C71 106.1(4) O12-C71-C70 109.5(4) 
C74-C73-C78 120.5(3) C74-C73-P1 121.5(3) C78-C73-P1 117.7(3) 
C73-C74-C75 119.6(4) C76-C75-C74 119.9(4) C77-C76-C75 120.8(3) 
C76-C77-C78 120.3(4) C73-C78-C77 118.8(4) C80-C79-C84 119.6(3) 
C80-C79-P1 122.6(2) C84-C79-P1 117.5(3) C79-C80-C81 121.3(4) 
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C82-C81-C80 119.1(5) C81-C82-C83 120.8(4) C84-C83-C82 119.2(4) 
C83-C84-C79 119.9(4) C90-C85-C86 121.1(3) C90-C85-P1 118.3(3) 
C86-C85-P1 120.5(3) C85-C86-C87 118.7(5) C88-C87-C86 119.8(5) 
C89-C88-C87 121.1(4) C88-C89-C90 119.5(5) C85-C90-C89 119.8(4) 
O2-Li1-O3 93.5(2) O2-Li1-O8 112.1(3) O3-Li1-O8 135.3(3) 
O2-Li1-O7 111.5(3) O3-Li1-O7 123.1(3) O8-Li1-O7 82.0(2) 
O2-Li1-C63 107.3(2) O3-Li1-C63 158.1(3) O8-Li1-C63 29.29(13) 
O7-Li1-C63 55.60(16) O2-Li1-Ce1 45.37(13) O3-Li1-Ce1 48.62(13) 
O8-Li1-Ce1 146.6(3) O7-Li1-Ce1 126.1(2) C63-Li1-Ce1 152.7(2) 
O4-Li2-O5 92.9(3) O4-Li2-O10 105.2(3) O5-Li2-O10 156.3(4) 
O4-Li2-O9 145.8(4) O5-Li2-O9 95.2(3) O10-Li2-O9 78.5(2) 
O4-Li2-Ce1 46.14(14) O5-Li2-Ce1 47.23(13) O10-Li2-Ce1 150.6(3) 
O9-Li2-Ce1 127.9(3) O6-Li3-O1 92.1(2) O6-Li3-O12 103.4(3) 
O1-Li3-O12 159.9(3) O6-Li3-O11 142.8(3) O1-Li3-O11 97.5(3) 
O12-Li3-O11 77.8(2) O6-Li3-Ce1 45.95(12) O1-Li3-Ce1 46.35(12) 
O12-Li3-Ce1 148.5(3) O11-Li3-Ce1 129.5(3) C94-O14-C93 114.3(6) 
C91-O15-C92 116.4(8) O15-C92-C93 115.6(7) O14-C93-C92 108.9(7) 
C95-C96-C97 117.2(8) C98-C97-C96 103.7(7) C97-C98-C99 95.8(7) 
 
Table 2.4.27. Bond lengths for compound 2.1–(TPPO)2 (Å). 
Ce1-O3  2.422(2) Ce1-O1  2.425(2) Ce1-O11  2.427(2) 
Ce1-O5  2.430(3) Ce1-O4  2.447(3) Ce1-O2  2.459(2) 
Ce1-O6  2.462(2) Ce1-Li1  3.218(6) P1-O7  1.515(3) 
P1-C67  1.781(5) P1-C61  1.790(4) P1-C73  1.808(4) 
P2-O11  1.497(2) P2-C97  1.783(4) P2-C103  1.784(3) 
P2-C91  1.788(5) O1-C1  1.364(4) O1-Li3  1.853(6) 
O2-C20  1.332(4) O2-Li1  1.886(7) O3-C21  1.330(4) 
O3-Li1  1.799(7) O4-C40  1.331(4) O4-Li2  1.915(8) 
O5-C41  1.316(4) O5-Li2  1.865(8) O6-C60  1.323(4) 
O6-Li3  1.882(6) O7-Li1  1.809(7) O8-C82  1.424(5) 
O8-C79  1.430(6) O8-Li2  1.856(8) O9-C86  1.412(5) 
O9-C83  1.421(6) O9-Li3  1.956(7) O10-C90  1.428(5) 
O10-C87  1.460(5) O10-Li3  2.002(6) C1-C10  1.385(5) 
C1-C2  1.406(5) C2-C3  1.367(5) C3-C4  1.435(6) 
C4-C5  1.404(5) C4-C9  1.425(5) C5-C6  1.358(6) 
C6-C7  1.403(7) C7-C8  1.398(6) C8-C9  1.405(5) 
C9-C10  1.436(6) C10-C11  1.488(6) C11-C12  1.402(6) 
C11-C20  1.407(5) C12-C13  1.429(5) C12-C17  1.454(6) 
C13-C14  1.359(6) C14-C15  1.384(7) C15-C16  1.345(6) 
C16-C17  1.370(6) C17-C18  1.462(6) C18-C19  1.315(5) 
C19-C20  1.422(5) C21-C30  1.394(5) C21-C22  1.449(5) 
C22-C23  1.374(5) C23-C24  1.404(5) C24-C29  1.419(5) 
C24-C25  1.432(5) C25-C26  1.330(6) C26-C27  1.405(6) 
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C27-C28  1.365(5) C28-C29  1.425(5) C29-C30  1.428(4) 
C30-C31  1.507(4) C31-C40  1.380(5) C31-C32  1.424(5) 
C32-C33  1.434(5) C32-C37  1.445(5) C33-C34  1.330(5) 
C34-C35  1.413(6) C35-C36  1.343(6) C36-C37  1.398(5) 
C37-C38  1.389(6) C38-C39  1.378(6) C39-C40  1.424(6) 
C41-C50  1.380(5) C41-C42  1.442(5) C42-C43  1.364(6) 
C43-C44  1.368(7) C44-C49  1.420(5) C44-C45  1.440(6) 
C45-C46  1.328(7) C46-C47  1.386(7) C47-C48  1.372(5) 
C48-C49  1.412(5) C49-C50  1.436(5) C50-C51  1.491(5) 
C51-C60  1.397(5) C51-C52  1.450(5) C52-C57  1.397(5) 
C52-C53  1.446(4) C53-C54  1.373(5) C54-C55  1.405(6) 
C55-C56  1.358(5) C56-C57  1.409(5) C57-C58  1.427(5) 
C58-C59  1.354(5) C59-C60  1.435(5) C61-C62  1.370(6) 
C61-C66  1.429(5) C62-C63  1.386(6) C63-C64  1.387(7) 
C64-C65  1.369(7) C65-C66  1.373(6) C67-C68  1.379(6) 
C67-C72  1.403(6) C68-C69  1.456(7) C69-C70  1.371(8) 
C70-C71  1.335(8) C71-C72  1.389(6) C73-C78  1.350(7) 
C73-C74  1.375(7) C74-C75  1.340(7) C75-C76  1.354(7) 
C76-C77  1.373(8) C77-C78  1.344(7) C79-C80  1.454(10) 
C80-C81  1.338(12) C81-C82  1.477(9) C83-C84  1.387(8) 
C84-C85  1.513(7) C85-C86  1.485(7) C87-C88  1.480(6) 
C88-C89  1.589(9) C89-C90  1.473(9) C91-C96  1.392(7) 
C91-C92  1.416(6) C92-C93  1.404(6) C93-C94  1.384(7) 
C94-C95  1.370(7) C95-C96  1.395(6) C97-C98  1.392(6) 
C97-C102  1.406(5) C98-C99  1.413(6) C99-C100  1.381(7) 
C100-C101  1.378(7) C101-C102  1.402(6) C103-C104  1.405(5) 
C103-C108  1.405(5) C104-C105  1.356(5) C105-C106  1.391(6) 
C106-C107  1.339(6) C107-C108  1.414(5) Ce1'-O6'  2.409(2) 
Ce1'-O11'  2.421(2) Ce1'-O5'  2.425(3) Ce1'-O3'  2.440(3) 
Ce1'-O1'  2.441(2) Ce1'-O4'  2.460(3) Ce1'-O2'  2.476(2) 
P1'-O7'  1.472(3) P1'-C73'  1.773(5) P1'-C67'  1.813(5) 
P1'-C61'  1.821(4) P2'-O11'  1.498(3) P2'-C91'  1.807(5) 
P2'-C97'  1.808(4) P2'-C10D  1.814(4) O1'-C1'  1.277(4) 
O1'-Li3'  1.882(7) O2'-C20'  1.317(4) O2'-Li1'  1.868(7) 
O3'-C21'  1.332(4) O3'-Li1'  1.861(7) O4'-C40'  1.324(5) 
O4'-Li2'  1.911(7) O5'-C41'  1.357(5) O5'-Li2'  1.825(8) 
O6'-C60'  1.343(4) O6'-Li3'  1.918(7) O7'-Li1'  1.799(7) 
O8'-C79'  1.411(6) O8'-C82'  1.466(5) O8'-Li2'  1.898(7) 
O9'-C83'  1.429(7) O9'-C86'  1.434(6) O9'-Li3'  1.939(7) 
O10'-C87'  1.420(5) O10'-C90'  1.429(5) O10'-Li3'  1.985(9) 
C1'-C10'  1.407(5) C1'-C2'  1.454(5) C2'-C3'  1.337(6) 
C3'-C4'  1.401(6) C4'-C9'  1.406(5) C4'-C5'  1.433(5) 
C5'-C6'  1.340(6) C6'-C7'  1.401(7) C7'-C8'  1.329(6) 
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C8'-C9'  1.437(5) C9'-C10'  1.436(6) C10'-C11'  1.479(6) 
C11'-C20'  1.387(6) C11'-C12'  1.469(6) C12'-C17'  1.393(7) 
C12'-C13'  1.427(6) C13'-C14'  1.378(5) C14'-C15'  1.411(7) 
C15'-C16'  1.400(7) C16'-C17'  1.442(6) C17'-C18'  1.391(6) 
C18'-C19'  1.389(5) C19'-C20'  1.432(5) C21'-C22'  1.381(5) 
C21'-C30'  1.403(6) C22'-C23'  1.343(5) C23'-C24'  1.422(5) 
C24'-C25'  1.405(5) C24'-C29'  1.441(4) C25'-C26'  1.378(6) 
C26'-C27'  1.412(6) C27'-C28'  1.379(5) C28'-C29'  1.400(5) 
C29'-C30'  1.431(5) C30'-C31'  1.494(5) C31'-C40'  1.394(5) 
C31'-C32'  1.427(5) C32'-C33'  1.414(6) C32'-C37'  1.421(6) 
C33'-C34'  1.393(6) C34'-C35'  1.408(6) C35'-C36'  1.351(7) 
C36'-C37'  1.437(6) C37'-C38'  1.416(6) C38'-C39'  1.344(6) 
C39'-C40'  1.431(6) C40'-Li2'  2.782(8) C41'-C50'  1.364(7) 
C41'-C42'  1.429(6) C42'-C43'  1.387(7) C43'-C44'  1.405(8) 
C44'-C45'  1.408(7) C44'-C49'  1.438(7) C45'-C46'  1.375(10) 
C46'-C47'  1.434(10) C47'-C48'  1.358(7) C48'-C49'  1.426(7) 
C49'-C50'  1.424(5) C50'-C51'  1.497(6) C51'-C60'  1.401(5) 
C51'-C52'  1.433(5) C52'-C53'  1.408(4) C52'-C57'  1.435(6) 
C53'-C54'  1.366(5) C54'-C55'  1.405(6) C55'-C56'  1.385(5) 
C56'-C57'  1.412(5) C57'-C58'  1.405(5) C58'-C59'  1.343(6) 
C59'-C60'  1.411(6) C61'-C66'  1.360(6) C61'-C62'  1.394(6) 
C62'-C63'  1.386(7) C63'-C64'  1.371(8) C64'-C65'  1.365(7) 
C65'-C66'  1.377(7) C67'-C68'  1.370(7) C67'-C72'  1.370(6) 
C68'-C69'  1.382(9) C69'-C70'  1.402(10) C70'-C71'  1.374(8) 
C71'-C72'  1.389(7) C73'-C78'  1.389(7) C73'-C74'  1.402(8) 
C74'-C75'  1.387(8) C75'-C76'  1.415(9) C76'-C77'  1.281(8) 
C77'-C78'  1.391(7) C79'-C80'  1.481(9) C80'-C81'  1.396(11) 
C81'-C82'  1.523(8) C83'-C84'  1.320(9) C84'-C85'  1.504(10) 
C85'-C86'  1.483(8) C87'-C88'  1.524(7) C88'-C89'  1.457(9) 
C89'-C90'  1.512(9) C91'-C92'  1.384(7) C91'-C96'  1.388(8) 
C92'-C93'  1.357(7) C93'-C94'  1.343(7) C94'-C95'  1.397(7) 
C95'-C96'  1.388(7) C97'-C102'  1.381(6) C97'-C98'  1.403(6) 
C98'-C99'  1.360(6) C99'-C100'  1.401(7) C100'-C101'  1.368(8) 
C101'-C102'  1.388(6) C103'-C108'  1.352(6) C103'-C104'  1.383(6) 
C104'-C105'  1.422(7) C105'-C106'  1.324(9) C106'-C107'  1.401(9) 
C107'-C108'  1.365(6) O12-C112  1.338(8) O12-C109  1.397(8) 
C109-C110  1.542(13) C110-C111  1.521(12) C111-C112  1.391(11) 
O13-C113  1.466(7) O13-C116  1.525(7) C113-C114  1.408(8) 
C114-C115  1.436(8) C115-C116  1.474(7) C117-C118  1.533(8) 
C118-C119  1.609(7) C119-C120  1.544(8) C120-C121  1.556(8) 
 
Table 2.4.28 Bond angles for compound 2.1–(TPPO)2 (
o). 
O3-Ce1-O1 141.57(7) O3-Ce1-O11 82.35(9) O1-Ce1-O11 85.13(8) 
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O3-Ce1-O5 79.49(8) O1-Ce1-O5 136.53(8) O11-Ce1-O5 88.98(8) 
O3-Ce1-O4 77.19(9) O1-Ce1-O4 120.66(8) O11-Ce1-O4 154.21(8) 
O5-Ce1-O4 72.10(9) O3-Ce1-O2 69.16(7) O1-Ce1-O2 74.54(7) 
O11-Ce1-O2 89.39(8) O5-Ce1-O2 148.54(8) O4-Ce1-O2 97.71(8) 
O3-Ce1-O6 149.93(8) O1-Ce1-O6 67.64(8) O11-Ce1-O6 113.66(9) 
O5-Ce1-O6 75.72(8) O4-Ce1-O6 79.19(9) O2-Ce1-O6 132.82(7) 
O3-Ce1-Li1 33.59(12) O1-Ce1-Li1 108.72(12) O11-Ce1-Li1 82.27(15) 
O5-Ce1-Li1 113.06(12) O4-Ce1-Li1 89.09(15) O2-Ce1-Li1 35.74(12) 
O6-Ce1-Li1 162.58(14) O7-P1-C67 111.87(18) O7-P1-C61 112.04(19) 
C67-P1-C61 108.4(2) O7-P1-C73 110.1(2) C67-P1-C73 106.67(19) 
C61-P1-C73 107.5(2) O11-P2-C97 111.97(16) O11-P2-C103 112.19(15) 
C97-P2-C103 105.12(17) O11-P2-C91 110.80(19) C97-P2-C91 110.2(2) 
C103-P2-C91 106.3(2) C1-O1-Li3 136.8(3) C1-O1-Ce1 123.23(19) 
Li3-O1-Ce1 99.2(2) C20-O2-Li1 130.6(3) C20-O2-Ce1 124.4(2) 
Li1-O2-Ce1 94.6(2) C21-O3-Li1 135.0(3) C21-O3-Ce1 120.8(2) 
Li1-O3-Ce1 98.3(2) C40-O4-Li2 122.5(3) C40-O4-Ce1 122.3(2) 
Li2-O4-Ce1 93.5(2) C41-O5-Li2 128.4(3) C41-O5-Ce1 119.5(2) 
Li2-O5-Ce1 95.4(3) C60-O6-Li3 130.6(3) C60-O6-Ce1 129.0(2) 
Li3-O6-Ce1 97.1(2) P1-O7-Li1 164.4(3) C82-O8-C79 107.3(4) 
C82-O8-Li2 129.7(4) C79-O8-Li2 122.7(4) C86-O9-C83 106.6(4) 
C86-O9-Li3 118.6(3) C83-O9-Li3 117.7(4) C90-O10-C87 105.5(3) 
C90-O10-Li3 126.4(3) C87-O10-Li3 114.8(3) P2-O11-Ce1 176.62(16) 
O1-C1-C10 120.8(3) O1-C1-C2 118.4(3) C10-C1-C2 120.8(3) 
C3-C2-C1 121.1(3) C2-C3-C4 120.3(4) C5-C4-C9 120.0(4) 
C5-C4-C3 121.2(4) C9-C4-C3 118.8(3) C6-C5-C4 120.9(4) 
C5-C6-C7 120.9(4) C8-C7-C6 118.9(4) C7-C8-C9 121.7(4) 
C8-C9-C4 117.5(3) C8-C9-C10 123.0(3) C4-C9-C10 119.5(3) 
C1-C10-C9 119.5(4) C1-C10-C11 120.8(4) C9-C10-C11 119.8(3) 
C12-C11-C20 119.1(4) C12-C11-C10 122.0(4) C20-C11-C10 118.8(3) 
C11-C12-C13 123.3(4) C11-C12-C17 122.9(4) C13-C12-C17 113.6(4) 
C14-C13-C12 122.4(4) C13-C14-C15 121.0(4) C16-C15-C14 119.7(4) 
C15-C16-C17 121.4(4) C16-C17-C12 121.8(4) C16-C17-C18 123.9(4) 
C12-C17-C18 114.2(4) C19-C18-C17 121.7(4) C18-C19-C20 123.9(4) 
O2-C20-C11 122.0(3) O2-C20-C19 120.0(3) C11-C20-C19 118.0(3) 
O3-C21-C30 122.6(3) O3-C21-C22 118.2(3) C30-C21-C22 119.2(3) 
C23-C22-C21 120.4(3) C22-C23-C24 120.5(3) C23-C24-C29 120.4(3) 
C23-C24-C25 120.5(3) C29-C24-C25 119.1(3) C26-C25-C24 121.9(4) 
C25-C26-C27 119.8(4) C28-C27-C26 120.7(4) C27-C28-C29 121.4(4) 
C24-C29-C28 117.0(3) C24-C29-C30 119.1(3) C28-C29-C30 123.7(3) 
C21-C30-C29 120.1(3) C21-C30-C31 119.1(3) C29-C30-C31 120.8(3) 
C40-C31-C32 120.3(3) C40-C31-C30 119.8(3) C32-C31-C30 119.9(3) 
C31-C32-C33 122.8(3) C31-C32-C37 119.9(3) C33-C32-C37 117.3(3) 
C34-C33-C32 120.8(4) C33-C34-C35 121.8(4) C36-C35-C34 119.3(4) 
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C35-C36-C37 122.2(4) C38-C37-C36 123.5(3) C38-C37-C32 117.9(3) 
C36-C37-C32 118.6(4) C39-C38-C37 121.5(3) C38-C39-C40 121.2(4) 
O4-C40-C31 123.1(3) O4-C40-C39 118.0(3) C31-C40-C39 118.9(3) 
O5-C41-C50 122.5(3) O5-C41-C42 118.9(4) C50-C41-C42 118.6(3) 
C43-C42-C41 119.8(4) C42-C43-C44 122.6(4) C43-C44-C49 119.6(4) 
C43-C44-C45 123.1(4) C49-C44-C45 117.2(4) C46-C45-C44 122.8(4) 
C45-C46-C47 119.9(4) C48-C47-C46 120.5(4) C47-C48-C49 121.5(4) 
C48-C49-C44 118.1(3) C48-C49-C50 123.5(3) C44-C49-C50 118.4(4) 
C41-C50-C49 120.8(3) C41-C50-C51 119.8(3) C49-C50-C51 119.4(3) 
C60-C51-C52 116.9(3) C60-C51-C50 122.5(3) C52-C51-C50 120.6(3) 
C57-C52-C53 117.5(3) C57-C52-C51 122.7(3) C53-C52-C51 119.8(3) 
C54-C53-C52 119.3(3) C53-C54-C55 122.3(3) C56-C55-C54 118.5(3) 
C55-C56-C57 121.5(4) C52-C57-C56 120.8(3) C52-C57-C58 117.7(3) 
C56-C57-C58 121.5(3) C59-C58-C57 120.8(3) C58-C59-C60 121.7(3) 
O6-C60-C51 123.8(3) O6-C60-C59 116.2(3) C51-C60-C59 119.9(3) 
C62-C61-C66 119.1(4) C62-C61-P1 119.8(3) C66-C61-P1 121.1(3) 
C61-C62-C63 121.4(5) C62-C63-C64 119.0(5) C65-C64-C63 120.4(5) 
C64-C65-C66 121.4(4) C65-C66-C61 118.6(4) C68-C67-C72 117.6(4) 
C68-C67-P1 118.8(4) C72-C67-P1 123.5(3) C67-C68-C69 119.7(5) 
C70-C69-C68 117.3(5) C71-C70-C69 124.7(6) C70-C71-C72 117.2(6) 
C71-C72-C67 123.3(5) C78-C73-C74 117.7(4) C78-C73-P1 123.6(4) 
C74-C73-P1 118.5(4) C75-C74-C73 117.9(5) C74-C75-C76 124.1(5) 
C75-C76-C77 117.2(5) C78-C77-C76 118.3(5) C77-C78-C73 123.9(5) 
O8-C79-C80 106.2(5) C81-C80-C79 111.2(6) C80-C81-C82 106.8(6) 
O8-C82-C81 107.9(5) C84-C83-O9 108.6(5) C83-C84-C85 105.9(5) 
C86-C85-C84 104.5(4) O9-C86-C85 106.0(4) O10-C87-C88 102.8(4) 
C87-C88-C89 102.7(5) C90-C89-C88 103.8(4) O10-C90-C89 107.1(5) 
C96-C91-C92 119.8(4) C96-C91-P2 123.8(4) C92-C91-P2 116.2(4) 
C93-C92-C91 118.4(4) C94-C93-C92 121.3(5) C95-C94-C93 119.4(4) 
C94-C95-C96 121.3(5) C91-C96-C95 119.7(5) C98-C97-C102 118.9(4) 
C98-C97-P2 121.6(3) C102-C97-P2 119.5(3) C97-C98-C99 120.6(4) 
C100-C99-C98 118.9(4) C101-C100-C99 121.8(4) C100-C101-C102 119.2(4) 
C101-C102-C97 120.5(4) C104-C103-C108 118.6(3) C104-C103-P2 123.9(3) 
C108-C103-P2 117.5(3) C105-C104-C103 120.7(4) C104-C105-C106 120.5(4) 
C107-C106-C105 120.6(4) C106-C107-C108 120.7(4) C103-C108-C107 118.8(4) 
O3-Li1-O7 132.4(4) O3-Li1-O2 97.5(3) O7-Li1-O2 127.0(4) 
O3-Li1-Ce1 48.15(17) O7-Li1-Ce1 161.1(4) O2-Li1-Ce1 49.62(16) 
O8-Li2-O5 137.9(5) O8-Li2-O4 123.3(4) O5-Li2-O4 98.8(4) 
O1-Li3-O6 93.5(3) O1-Li3-O9 128.6(4) O6-Li3-O9 114.1(3) 
O1-Li3-O10 109.5(3) O6-Li3-O10 112.4(3) O9-Li3-O10 99.0(3) 
O6'-Ce1'-O11' 110.28(9) O6'-Ce1'-O5' 74.80(9) O11'-Ce1'-O5' 91.23(9) 
O6'-Ce1'-O3' 150.80(8) O11'-Ce1'-O3' 83.12(10) O5'-Ce1'-O3' 79.22(9) 
O6'-Ce1'-O1' 67.79(8) O11'-Ce1'-O1' 83.42(8) O5'-Ce1'-O1' 137.38(9) 
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O3'-Ce1'-O1' 141.09(8) O6'-Ce1'-O4' 81.05(9) O11'-Ce1'-O4' 156.18(9) 
O5'-Ce1'-O4' 71.07(10) O3'-Ce1'-O4' 78.09(10) O1'-Ce1'-O4' 120.40(9) 
O6'-Ce1'-O2' 134.64(7) O11'-Ce1'-O2' 88.77(8) O5'-Ce1'-O2' 147.93(9) 
O3'-Ce1'-O2' 68.94(8) O1'-Ce1'-O2' 74.44(8) O4'-Ce1'-O2' 97.88(9) 
O7'-P1'-C73' 111.9(2) O7'-P1'-C67' 111.8(2) C73'-P1'-C67' 107.3(2) 
O7'-P1'-C61' 111.2(2) C73'-P1'-C61' 106.2(2) C67'-P1'-C61' 108.2(2) 
O11'-P2'-C91' 109.9(2) O11'-P2'-C97' 112.62(17) C91'-P2'-C97' 111.1(2) 
O11'-P2'-C10D 111.59(16) C91'-P2'-C10D 107.7(2) C97'-P2'-C10D 103.81(19) 
C1'-O1'-Li3' 137.0(3) C1'-O1'-Ce1' 123.8(2) Li3'-O1'-Ce1' 98.6(2) 
C20'-O2'-Li1' 130.6(3) C20'-O2'-Ce1' 121.7(2) Li1'-O2'-Ce1' 96.4(2) 
C21'-O3'-Li1' 134.4(3) C21'-O3'-Ce1' 121.6(2) Li1'-O3'-Ce1' 97.9(2) 
C40'-O4'-Li2' 117.5(3) C40'-O4'-Ce1' 122.0(2) Li2'-O4'-Ce1' 93.2(2) 
C41'-O5'-Li2' 132.8(3) C41'-O5'-Ce1' 119.1(2) Li2'-O5'-Ce1' 96.6(2) 
C60'-O6'-Li3' 124.1(3) C60'-O6'-Ce1' 130.5(2) Li3'-O6'-Ce1' 98.7(2) 
P1'-O7'-Li1' 163.9(3) C79'-O8'-C82' 112.5(4) C79'-O8'-Li2' 124.2(3) 
C82'-O8'-Li2' 123.2(3) C83'-O9'-C86' 106.3(4) C83'-O9'-Li3' 116.8(5) 
C86'-O9'-Li3' 118.6(4) C87'-O10'-C90' 105.8(3) C87'-O10'-Li3' 117.4(3) 
C90'-O10'-Li3' 126.5(4) P2'-O11'-Ce1' 177.97(18) O1'-C1'-C10' 124.5(4) 
O1'-C1'-C2' 119.8(3) C10'-C1'-C2' 115.7(4) C3'-C2'-C1' 123.2(4) 
C2'-C3'-C4' 121.9(4) C3'-C4'-C9' 117.7(4) C3'-C4'-C5' 122.9(4) 
C9'-C4'-C5' 119.3(4) C6'-C5'-C4' 121.3(4) C5'-C6'-C7' 119.2(4) 
C8'-C7'-C6' 122.0(4) C7'-C8'-C9' 121.3(4) C4'-C9'-C10' 121.2(3) 
C4'-C9'-C8' 116.9(3) C10'-C9'-C8' 121.9(4) C1'-C10'-C9' 120.3(4) 
C1'-C10'-C11' 118.7(4) C9'-C10'-C11' 120.8(4) C20'-C11'-C12' 119.1(4) 
C20'-C11'-C10' 121.2(4) C12'-C11'-C10' 119.5(4) C17'-C12'-C13' 121.0(4) 
C17'-C12'-C11' 118.4(4) C13'-C12'-C11' 120.5(4) C14'-C13'-C12' 119.9(4) 
C13'-C14'-C15' 120.6(4) C16'-C15'-C14' 119.8(4) C15'-C16'-C17' 120.4(4) 
C18'-C17'-C12' 121.4(4) C18'-C17'-C16' 120.4(5) C12'-C17'-C16' 118.2(5) 
C19'-C18'-C17' 120.3(4) C18'-C19'-C20' 120.2(3) O2'-C20'-C11' 122.8(3) 
O2'-C20'-C19' 117.5(3) C11'-C20'-C19' 119.5(3) O3'-C21'-C22' 119.0(4) 
O3'-C21'-C30' 121.3(3) C22'-C21'-C30' 119.7(3) C23'-C22'-C21' 122.5(4) 
C22'-C23'-C24' 121.8(3) C25'-C24'-C23' 123.8(3) C25'-C24'-C29' 119.4(3) 
C23'-C24'-C29' 116.8(3) C26'-C25'-C24' 121.3(3) C25'-C26'-C27' 119.4(3) 
C28'-C27'-C26' 120.1(4) C27'-C28'-C29' 122.1(4) C28'-C29'-C30' 122.2(3) 
C28'-C29'-C24' 117.5(3) C30'-C29'-C24' 120.1(3) C21'-C30'-C29' 119.0(3) 
C21'-C30'-C31' 120.5(3) C29'-C30'-C31' 120.5(3) C40'-C31'-C32' 119.5(3) 
C40'-C31'-C30' 122.2(3) C32'-C31'-C30' 118.2(4) C33'-C32'-C37' 117.8(4) 
C33'-C32'-C31' 122.0(3) C37'-C32'-C31' 120.1(4) C34'-C33'-C32' 121.6(4) 
C33'-C34'-C35' 119.7(5) C36'-C35'-C34' 120.4(4) C35'-C36'-C37' 121.2(4) 
C38'-C37'-C32' 118.7(4) C38'-C37'-C36' 122.0(4) C32'-C37'-C36' 119.2(4) 
C39'-C38'-C37' 120.2(4) C38'-C39'-C40' 122.7(4) O4'-C40'-C31' 121.7(3) 
O4'-C40'-C39' 120.3(4) C31'-C40'-C39' 118.0(4) O4'-C40'-Li2' 37.6(2) 
C31'-C40'-Li2' 90.6(3) C39'-C40'-Li2' 143.6(4) O5'-C41'-C50' 122.5(3) 
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O5'-C41'-C42' 115.7(5) C50'-C41'-C42' 121.8(4) C43'-C42'-C41' 118.9(5) 
C42'-C43'-C44' 121.5(4) C43'-C44'-C45' 121.6(5) C43'-C44'-C49' 118.2(4) 
C45'-C44'-C49' 120.2(6) C46'-C45'-C44' 120.6(6) C45'-C46'-C47' 119.5(5) 
C48'-C47'-C46' 120.6(7) C47'-C48'-C49' 121.5(6) C50'-C49'-C48' 122.3(5) 
C50'-C49'-C44' 120.3(5) C48'-C49'-C44' 117.4(4) C41'-C50'-C49' 119.1(4) 
C41'-C50'-C51' 119.7(3) C49'-C50'-C51' 121.1(4) C60'-C51'-C52' 119.3(4) 
C60'-C51'-C50' 121.7(4) C52'-C51'-C50' 119.0(3) C53'-C52'-C51' 123.5(4) 
C53'-C52'-C57' 116.4(3) C51'-C52'-C57' 120.1(3) C54'-C53'-C52' 123.2(4) 
C53'-C54'-C55' 120.2(3) C56'-C55'-C54' 119.0(3) C55'-C56'-C57' 121.2(4) 
C58'-C57'-C56' 121.9(4) C58'-C57'-C52' 118.2(3) C56'-C57'-C52' 119.9(3) 
C59'-C58'-C57' 120.6(4) C58'-C59'-C60' 123.5(4) O6'-C60'-C51' 121.5(4) 
O6'-C60'-C59' 120.2(3) C51'-C60'-C59' 118.3(4) C66'-C61'-C62' 120.9(4) 
C66'-C61'-P1' 122.5(4) C62'-C61'-P1' 116.6(3) C63'-C62'-C61' 117.3(5) 
C64'-C63'-C62' 121.3(5) C65'-C64'-C63' 120.3(5) C64'-C65'-C66' 119.3(5) 
C61'-C66'-C65' 120.7(5) C68'-C67'-C72' 121.5(5) C68'-C67'-P1' 116.0(4) 
C72'-C67'-P1' 122.4(3) C67'-C68'-C69' 118.9(6) C68'-C69'-C70' 121.6(6) 
C71'-C70'-C69' 116.9(6) C70'-C71'-C72' 122.4(6) C67'-C72'-C71' 118.5(5) 
C78'-C73'-C74' 116.2(5) C78'-C73'-P1' 124.5(4) C74'-C73'-P1' 119.3(4) 
C75'-C74'-C73' 123.3(6) C74'-C75'-C76' 116.0(6) C77'-C76'-C75' 120.0(6) 
C76'-C77'-C78' 124.8(6) C73'-C78'-C77' 118.6(5) O8'-C79'-C80' 106.4(5) 
C81'-C80'-C79' 108.5(6) C80'-C81'-C82' 109.9(5) O8'-C82'-C81' 102.1(4) 
C84'-C83'-O9' 109.6(6) C83'-C84'-C85' 110.8(6) C86'-C85'-C84' 101.6(5) 
O9'-C86'-C85' 106.6(5) O10'-C87'-C88' 105.0(4) C89'-C88'-C87' 103.5(5) 
C88'-C89'-C90' 107.2(4) O10'-C90'-C89' 105.2(5) C92'-C91'-C96' 118.0(5) 
C92'-C91'-P2' 117.7(4) C96'-C91'-P2' 124.3(4) C93'-C92'-C91' 122.4(4) 
C94'-C93'-C92' 118.9(4) C93'-C94'-C95' 122.0(5) C96'-C95'-C94' 118.2(4) 
C91'-C96'-C95' 120.3(5) C10C-C97'-C98' 121.5(4) C10C-C97'-P2' 118.0(3) 
C98'-C97'-P2' 120.5(3) C99'-C98'-C97' 119.0(4) C98'-C99'-C100' 120.2(5) 
C101'-C100'-C99' 120.0(4) C100'-C101'-C102' 121.0(4) C97'-C102'-C101' 118.2(4) 
C108'-C103'-C104' 120.0(4) C108'-C103'-P2' 118.3(3) C104'-C103'-P2' 121.5(4) 
C103'-C104'-C105' 117.4(5) C106'-C105'-C104' 121.7(5) C105'-C106'-C107' 120.0(5) 
C108'-C107'-C106' 118.4(6) C103'-C108'-C107' 122.2(5) O7'-Li1'-O3' 129.4(4) 
O7'-Li1'-O2' 127.1(4) O3'-Li1'-O2' 96.5(3) O5'-Li2'-O8' 132.3(4) 
O5'-Li2'-O4' 98.9(3) O8'-Li2'-O4' 124.0(4) O5'-Li2'-C40' 115.0(3) 
O8'-Li2'-C40' 112.6(3) O4'-Li2'-C40' 24.97(16) O1'-Li3'-O6' 90.7(3) 
O1'-Li3'-O9' 128.4(4) O6'-Li3'-O9' 112.8(3) O1'-Li3'-O10' 108.5(3) 
O6'-Li3'-O10' 115.5(4) O9'-Li3'-O10' 101.6(4) C112-O12-C109 104.7(6) 
O12-C109-C110 103.5(6) C111-C110-C109 101.2(7) C112-C111-C110 103.6(7) 
O12-C112-C111 113.0(7) C113-O13-C116 109.0(5) C114-C113-O13 105.7(6) 
C113-C114-C115 105.1(8) C114-C115-C116 108.1(7) C115-C116-O13 99.2(5) 
C117-C118-C119 103.1(6) C120-C119-C118 100.4(5) C119-C120-C121 107.0(7) 
 
Table 2.4.29. Bond lengths for compound 2.1–Cl (Å).  
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Ce1-O4  2.277(6) Ce1-O1  2.293(6) Ce1-O3  2.295(5) 
Ce1-O5  2.297(5) Ce1-O6  2.311(6) Ce1-O2  2.333(6) 
Ce1-Cl1  2.667(2) Ce1-Li1  3.222(17) Ce1-Li2  3.246(17) 
Ce1-Li3  3.274(17) O1-C1  1.340(10) O1-Li3  1.922(18) 
O2-C20  1.372(11) O2-Li1  1.91(2) O3-C21  1.343(10) 
O3-Li1  1.93(2) O4-C40  1.310(10) O4-Li2  1.953(17) 
O5-C41  1.296(10) O5-Li2  1.90(2) O6-C60  1.362(11) 
O6-Li3  1.93(2) O7-C64  1.441(15) O7-C61  1.455(13) 
O7-Li1  1.830(19) O8-C65  1.394(18) O8-C68  1.424(16) 
O8-Li2  1.895(17) O9-C72  1.448(14) O9-C69  1.461(13) 
O9-Li2  1.99(2) O10-C73  1.372(15) O10-C76  1.437(19) 
O10-Li3  1.909(18) O11-C80  1.422(9) O11-C77  1.432(9) 
O11-Li3  1.94(2) C1-C10  1.390(12) C1-C2  1.426(12) 
C2-C3  1.365(13) C3-C4  1.420(13) C4-C9  1.408(13) 
C4-C5  1.414(14) C5-C6  1.360(17) C6-C7  1.426(16) 
C7-C8  1.340(12) C8-C9  1.435(13) C9-C10  1.429(12) 
C10-C11  1.491(11) C10-Li1  2.77(2) C11-C20  1.393(13) 
C11-C12  1.417(12) C12-C13  1.417(14) C12-C17  1.431(13) 
C13-C14  1.371(14) C14-C15  1.392(17) C15-C16  1.364(17) 
C16-C17  1.420(14) C17-C18  1.373(15) C18-C19  1.358(13) 
C19-C20  1.369(11) C21-C30  1.368(13) C21-C22  1.426(13) 
C21-Li1  2.71(2) C22-C23  1.346(13) C23-C24  1.389(14) 
C24-C29  1.420(13) C24-C25  1.434(13) C25-C26  1.326(16) 
C26-C27  1.412(16) C27-C28  1.346(14) C28-C29  1.407(14) 
C29-C30  1.466(12) C30-C31  1.508(11) C31-C40  1.400(11) 
C31-C32  1.433(12) C32-C33  1.420(14) C32-C37  1.426(12) 
C33-C34  1.364(14) C34-C35  1.407(16) C35-C36  1.366(16) 
C36-C37  1.415(13) C37-C38  1.393(14) C38-C39  1.356(13) 
C39-C40  1.402(11) C41-C50  1.406(13) C41-C42  1.440(13) 
C42-C43  1.348(13) C43-C44  1.460(13) C44-C49  1.387(13) 
C44-C45  1.421(13) C45-C46  1.379(18) C46-C47  1.389(17) 
C47-C48  1.341(15) C48-C49  1.409(14) C49-C50  1.465(12) 
C50-C51  1.466(13) C51-C60  1.355(13) C51-C52  1.457(14) 
C52-C53  1.415(15) C52-C57  1.458(13) C53-C54  1.403(13) 
C54-C55  1.393(19) C55-C56  1.337(19) C56-C57  1.406(15) 
C57-C58  1.405(16) C58-C59  1.406(13) C59-C60  1.405(13) 
C61-C62  1.50(2) C62-C63  1.54(3) C63-C64  1.37(2) 
C65-C66  1.44(2) C66-C67  1.53(2) C67-C68  1.511(17) 
C69-C70  1.55(2) C70-C71  1.50(2) C71-C72  1.48(2) 
C73-C74  1.520(19) C74-C75  1.47(2) C75-C76  1.471(19) 
C77-C78  1.500(10) C78-C79'  1.503(10) C78-C79  1.503(10) 
C79-C80  1.495(10) C79'-C80  1.495(10) O12-C84  1.447(10) 
O12-C81  1.448(9) C81-C82  1.498(10) C82-C83  1.488(10) 
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C83-C84  1.491(9)     
 
Table 2.4.30 Bond angles for compound 2.2–Cl (o). 
O4-Ce1-O1 154.5(2) O4-Ce1-O3 75.3(2) O1-Ce1-O3 83.6(2) 
O4-Ce1-O5 70.58(19) O1-Ce1-O5 123.5(2) O3-Ce1-O5 88.2(2) 
O4-Ce1-O6 136.2(2) O1-Ce1-O6 68.9(2) O3-Ce1-O6 129.4(2) 
O5-Ce1-O6 74.6(2) O4-Ce1-O2 86.2(2) O1-Ce1-O2 73.3(2) 
O3-Ce1-O2 71.0(2) O5-Ce1-O2 152.3(2) O6-Ce1-O2 132.8(2) 
O4-Ce1-Cl1 84.04(15) O1-Ce1-Cl1 108.32(16) O3-Ce1-Cl1 148.47(16) 
O5-Ce1-Cl1 107.27(17) O6-Ce1-Cl1 81.78(17) O2-Ce1-Cl1 84.29(15) 
O4-Ce1-Li1 85.5(4) O1-Ce1-Li1 68.9(4) O3-Ce1-Li1 36.2(4) 
O5-Ce1-Li1 124.1(4) O6-Ce1-Li1 136.9(5) O2-Ce1-Li1 36.0(4) 
Cl1-Ce1-Li1 119.9(4) O4-Ce1-Li2 36.4(3) O1-Ce1-Li2 156.3(4) 
O3-Ce1-Li2 85.4(3) O5-Ce1-Li2 35.0(3) O6-Ce1-Li2 103.0(3) 
O2-Ce1-Li2 122.3(3) Cl1-Ce1-Li2 91.9(3) Li1-Ce1-Li2 112.1(5) 
O4-Ce1-Li3 170.1(4) O1-Ce1-Li3 35.1(4) O3-Ce1-Li3 114.2(4) 
O5-Ce1-Li3 105.7(3) O6-Ce1-Li3 35.5(4) O2-Ce1-Li3 99.6(4) 
Cl1-Ce1-Li3 88.5(3) Li1-Ce1-Li3 103.9(5) Li2-Ce1-Li3 138.0(4) 
C1-O1-Li3 128.7(8) C1-O1-Ce1 129.7(6) Li3-O1-Ce1 101.6(6) 
C20-O2-Li1 119.0(8) C20-O2-Ce1 125.6(6) Li1-O2-Ce1 98.2(6) 
C21-O3-Li1 110.8(8) C21-O3-Ce1 135.4(5) Li1-O3-Ce1 99.1(6) 
C40-O4-Li2 138.3(7) C40-O4-Ce1 120.3(5) Li2-O4-Ce1 99.9(6) 
C41-O5-Li2 131.1(7) C41-O5-Ce1 125.4(5) Li2-O5-Ce1 101.0(5) 
C60-O6-Li3 129.1(7) C60-O6-Ce1 128.2(5) Li3-O6-Ce1 100.5(6) 
C64-O7-C61 103.2(9) C64-O7-Li1 127.9(10) C61-O7-Li1 128.6(10) 
C65-O8-C68 106.9(11) C65-O8-Li2 120.7(11) C68-O8-Li2 130.6(11) 
C72-O9-C69 109.9(9) C72-O9-Li2 129.7(8) C69-O9-Li2 111.6(7) 
C73-O10-C76 107.5(10) C73-O10-Li3 116.7(11) C76-O10-Li3 118.8(9) 
C80-O11-C77 105.7(11) C80-O11-Li3 119.8(12) C77-O11-Li3 127.4(11) 
O1-C1-C10 122.1(7) O1-C1-C2 118.2(8) C10-C1-C2 119.7(8) 
C3-C2-C1 122.1(8) C2-C3-C4 119.7(8) C9-C4-C5 120.8(9) 
C9-C4-C3 118.4(8) C5-C4-C3 120.8(9) C6-C5-C4 119.0(10) 
C5-C6-C7 122.7(10) C8-C7-C6 116.9(10) C7-C8-C9 124.2(9) 
C4-C9-C10 122.0(8) C4-C9-C8 116.3(8) C10-C9-C8 121.7(8) 
C1-C10-C9 118.0(8) C1-C10-C11 120.9(7) C9-C10-C11 121.0(8) 
C1-C10-Li1 77.1(7) C9-C10-Li1 98.7(7) C11-C10-Li1 92.4(7) 
C20-C11-C12 117.5(8) C20-C11-C10 120.5(8) C12-C11-C10 121.9(8) 
C11-C12-C13 122.7(8) C11-C12-C17 119.9(9) C13-C12-C17 117.4(8) 
C14-C13-C12 121.8(10) C13-C14-C15 120.5(11) C16-C15-C14 120.0(10) 
C15-C16-C17 121.4(11) C18-C17-C16 122.9(10) C18-C17-C12 118.3(9) 
C16-C17-C12 118.9(10) C19-C18-C17 122.0(10) C18-C19-C20 120.0(10) 
C19-C20-O2 118.9(9) C19-C20-C11 122.0(9) O2-C20-C11 119.1(8) 
O3-C21-C30 121.9(7) O3-C21-C22 117.9(8) C30-C21-C22 120.2(8) 
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O3-C21-Li1 41.6(5) C30-C21-Li1 98.4(7) C22-C21-Li1 126.1(8) 
C23-C22-C21 121.8(9) C22-C23-C24 120.5(8) C23-C24-C29 120.2(8) 
C23-C24-C25 122.5(9) C29-C24-C25 117.3(10) C26-C25-C24 122.3(10) 
C25-C26-C27 120.1(10) C28-C27-C26 119.6(10) C27-C28-C29 122.4(10) 
C28-C29-C24 118.2(9) C28-C29-C30 123.2(9) C24-C29-C30 118.6(9) 
C21-C30-C29 118.5(8) C21-C30-C31 123.2(7) C29-C30-C31 118.3(8) 
C40-C31-C32 118.6(7) C40-C31-C30 121.1(7) C32-C31-C30 120.3(7) 
C33-C32-C37 117.1(8) C33-C32-C31 123.3(8) C37-C32-C31 119.6(8) 
C34-C33-C32 123.4(10) C33-C34-C35 118.4(10) C36-C35-C34 120.7(9) 
C35-C36-C37 121.5(9) C38-C37-C36 122.1(9) C38-C37-C32 119.2(8) 
C36-C37-C32 118.7(9) C39-C38-C37 120.3(8) C38-C39-C40 122.4(8) 
O4-C40-C31 120.3(7) O4-C40-C39 120.3(7) C31-C40-C39 119.3(8) 
O5-C41-C50 123.0(8) O5-C41-C42 117.7(9) C50-C41-C42 119.2(8) 
C43-C42-C41 123.3(10) C42-C43-C44 118.7(9) C49-C44-C45 120.9(10) 
C49-C44-C43 119.5(8) C45-C44-C43 119.7(9) C46-C45-C44 119.2(10) 
C45-C46-C47 119.2(10) C48-C47-C46 121.7(11) C47-C48-C49 121.5(11) 
C44-C49-C48 117.4(9) C44-C49-C50 121.3(9) C48-C49-C50 121.2(9) 
C41-C50-C49 117.8(8) C41-C50-C51 118.2(8) C49-C50-C51 124.0(9) 
C60-C51-C52 119.6(9) C60-C51-C50 120.9(9) C52-C51-C50 119.5(8) 
C53-C52-C51 123.1(9) C53-C52-C57 117.6(9) C51-C52-C57 119.0(9) 
C54-C53-C52 120.0(11) C55-C54-C53 120.3(11) C56-C55-C54 121.8(10) 
C55-C56-C57 120.8(11) C58-C57-C56 122.0(10) C58-C57-C52 118.4(9) 
C56-C57-C52 119.5(10) C57-C58-C59 120.6(9) C60-C59-C58 120.6(9) 
C51-C60-O6 121.7(8) C51-C60-C59 121.7(9) O6-C60-C59 116.5(8) 
O7-C61-C62 106.9(11) C61-C62-C63 103.4(11) C64-C63-C62 104.6(15) 
C63-C64-O7 109.0(14) O8-C65-C66 108.2(15) C65-C66-C67 99.7(12) 
C68-C67-C66 104.3(11) O8-C68-C67 105.9(12) O9-C69-C70 103.4(10) 
C71-C70-C69 103.4(11) C72-C71-C70 102.5(11) O9-C72-C71 105.9(10) 
O10-C73-C74 107.0(12) C75-C74-C73 104.4(11) C76-C75-C74 106.2(13) 
O10-C76-C75 106.7(12) O11-C77-C78 105.3(11) C77-C78-C79' 99.4(19) 
C77-C78-C79 107.8(13) C79'-C78-C79 47(3) C80-C79-C78 98.2(15) 
C80-C79'-C78 98.3(15) O11-C80-C79' 108.1(14) O11-C80-C79 106.8(13) 
C79'-C80-C79 47(3) O7-Li1-O2 155.4(12) O7-Li1-O3 115.2(10) 
O2-Li1-O3 88.9(8) O7-Li1-C21 93.8(8) O2-Li1-C21 107.2(8) 
O3-Li1-C21 27.6(4) O7-Li1-C10 101.7(9) O2-Li1-C10 71.4(6) 
O3-Li1-C10 112.3(9) C21-Li1-C10 137.2(9) O7-Li1-Ce1 158.8(10) 
O2-Li1-Ce1 45.8(4) O3-Li1-Ce1 44.7(4) C21-Li1-Ce1 68.9(4) 
C10-Li1-Ce1 84.4(5) O5-Li2-O8 124.7(11) O5-Li2-O4 86.7(8) 
O8-Li2-O4 126.0(9) O5-Li2-O9 112.1(8) O8-Li2-O9 98.3(9) 
O4-Li2-O9 109.2(9) O5-Li2-Ce1 44.0(4) O8-Li2-Ce1 150.1(9) 
O4-Li2-Ce1 43.7(4) O9-Li2-Ce1 111.6(6) O10-Li3-O1 118.2(9) 
O10-Li3-O6 118.2(11) O1-Li3-O6 84.9(7) O10-Li3-O11 105.5(9) 
O1-Li3-O11 117.2(10) O6-Li3-O11 112.4(9) O10-Li3-Ce1 118.7(8) 
 192 
 
O1-Li3-Ce1 43.3(4) O6-Li3-Ce1 43.9(4) O11-Li3-Ce1 135.7(8) 
C84-O12-C81 107.3(11) O12-C81-C82 104.1(10) C83-C82-C81 104.9(10) 
C82-C83-C84 107.6(9) O12-C84-C83 104.4(9)   
 
Table 2.4.31 Bond lengths for compound 2.2–Cl(DMEDA) (Å). 
Ce1-O2  2.296(4) Ce1-O6  2.313(3) Ce1-O1  2.319(3) 
Ce1-O3  2.330(3) Ce1-O4  2.340(5) Ce1-O5  2.354(3) 
Ce1-Cl1  2.7186(14) Ce1-Li2  3.227(13) Ce1-Li1  3.236(11) 
Ce1-Li3  3.260(10) O1-C1  1.335(6) O1-Li3  1.896(10) 
O2-C20  1.340(7) O2-Li1  1.942(12) O3-C21  1.347(6) 
O3-Li1  1.875(11) O4-C40  1.339(7) O4-Li2  1.838(12) 
O5-C41  1.337(6) O5-Li2  1.973(14) O6-C60  1.336(6) 
O6-Li3  1.966(12) N1-C61  1.430(13) N1-C63  1.459(17) 
N1-Li1  2.027(14) N2-C64  1.453(13) N2-C62  1.488(13) 
N2-Li1  2.166(15) N3-C65  1.460(9) N3-C67  1.470(8) 
N3-Li2  2.026(13) N4-C68  1.475(10) N4-C66  1.487(11) 
N4-Li2  2.070(15) N5-C71  1.362(13) N5-C69  1.474(11) 
N5-Li3  2.065(13) N6-C70  1.439(11) N6-C72  1.488(11) 
N6-Li3  2.068(13) C1-C10  1.400(7) C1-C2  1.445(7) 
C2-C3  1.363(7) C3-C4  1.413(9) C4-C9  1.398(8) 
C4-C5  1.413(9) C5-C6  1.399(10) C6-C7  1.399(10) 
C7-C8  1.339(8) C8-C9  1.437(8) C9-C10  1.442(7) 
C10-C11  1.475(6) C11-C20  1.413(7) C11-C12  1.420(7) 
C12-C17  1.435(8) C12-C13  1.437(8) C13-C14  1.364(8) 
C14-C15  1.385(10) C15-C16  1.405(11) C16-C17  1.428(8) 
C17-C18  1.393(9) C18-C19  1.352(9) C19-C20  1.403(7) 
C21-C30  1.401(8) C21-C22  1.409(8) C22-C23  1.365(8) 
C23-C24  1.415(9) C24-C29  1.380(10) C24-C25  1.433(9) 
C25-C26  1.327(12) C26-C27  1.444(13) C27-C28  1.395(10) 
C28-C29  1.410(10) C29-C30  1.474(8) C30-C31  1.419(9) 
C31-C40  1.418(10) C31-C32  1.437(8) C32-C33  1.367(11) 
C32-C37  1.497(11) C33-C34  1.432(9) C34-C35  1.382(14) 
C35-C36  1.328(14) C36-C37  1.422(10) C37-C38  1.384(12) 
C38-C39  1.337(10) C39-C40  1.418(9) C41-C50  1.392(7) 
C41-C42  1.412(7) C42-C43  1.361(7) C43-C44  1.408(8) 
C44-C49  1.421(7) C44-C45  1.431(8) C45-C46  1.346(9) 
C46-C47  1.409(10) C47-C48  1.385(8) C48-C49  1.390(7) 
C49-C50  1.426(7) C50-C51  1.483(7) C51-C60  1.401(7) 
C51-C52  1.447(7) C52-C53  1.421(7) C52-C57  1.423(7) 
C53-C54  1.392(8) C54-C55  1.411(9) C55-C56  1.344(9) 
C56-C57  1.420(8) C57-C58  1.399(8) C58-C59  1.353(9) 
C59-C60  1.424(7) C61-C62  1.583(17) C61-Li1  2.761(15) 
C65-C66  1.458(11) C65-Li2  2.651(16) C66-Li2  2.722(16) 
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C69-C70  1.543(15) C70-Li3  2.779(12) Ce1'-O4'  2.257(4) 
Ce1'-O6'  2.286(4) Ce1'-O2'  2.289(4) Ce1'-O1'  2.305(3) 
Ce1'-O3'  2.334(4) Ce1'-O5'  2.347(4) Ce1'-Cl1'  2.7044(14) 
Ce1'-Li3'  3.248(9) Ce1'-Li2'  3.248(11) Ce1'-Li1'  3.281(10) 
O1'-C1'  1.350(7) O1'-Li3'  1.905(10) O2'-C20'  1.342(7) 
O2'-Li1'  1.901(11) O3'-C21'  1.367(7) O3'-Li1'  1.876(10) 
O4'-C40'  1.327(8) O4'-Li2'  1.962(12) O5'-C41'  1.326(7) 
O5'-Li2'  1.907(11) O6'-C60'  1.329(6) O6'-Li3'  1.911(9) 
N1'-C64'  1.448(9) N1'-C62'  1.494(8) N1'-Li1'  2.163(12) 
N2'-C61'  1.453(9) N2'-C63'  1.479(10) N2'-Li1'  2.054(12) 
N3'-C65'  1.450(10) N3'-C67'  1.476(12) N3'-Li2'  2.126(13) 
N4'-C66'  1.458(10) N4'-C68'  1.462(11) N4'-Li2'  2.091(13) 
N5'-C71'  1.458(8) N5'-C69'  1.459(8) N5'-Li3'  2.090(10) 
N6'-C72'  1.441(9) N6'-C70'  1.451(8) N6'-Li3'  2.124(10) 
C1'-C10'  1.392(8) C1'-C2'  1.432(8) C2'-C3'  1.325(10) 
C3'-C4'  1.450(13) C4'-C9'  1.382(12) C4'-C5'  1.417(10) 
C5'-C6'  1.359(16) C6'-C7'  1.383(15) C7'-C8'  1.378(10) 
C8'-C9'  1.423(11) C9'-C10'  1.445(8) C10'-C11'  1.503(8) 
C11'-C20'  1.374(8) C11'-C12'  1.438(8) C12'-C17'  1.382(10) 
C12'-C13'  1.419(10) C13'-C14'  1.371(9) C14'-C15'  1.360(12) 
C15'-C16'  1.329(12) C16'-C17'  1.439(9) C17'-C18'  1.462(11) 
C18'-C19'  1.340(9) C19'-C20'  1.459(9) C21'-C22'  1.411(9) 
C21'-C30'  1.410(9) C22'-C23'  1.334(11) C23'-C24'  1.447(14) 
C24'-C29'  1.425(13) C24'-C25'  1.469(11) C25'-C26'  1.307(16) 
C26'-C27'  1.325(17) C27'-C28'  1.406(10) C28'-C29'  1.403(13) 
C29'-C30'  1.430(8) C30'-C31'  1.443(9) C31'-C40'  1.371(9) 
C31'-C32'  1.476(8) C32'-C37'  1.378(11) C32'-C33'  1.432(12) 
C33'-C34'  1.379(10) C34'-C35'  1.396(15) C35'-C36'  1.363(16) 
C36'-C37'  1.445(11) C37'-C38'  1.406(14) C38'-C39'  1.423(11) 
C39'-C40'  1.473(9) C41'-C50'  1.378(7) C41'-C42'  1.447(7) 
C42'-C43'  1.296(9) C43'-C44'  1.450(9) C44'-C49'  1.400(8) 
C44'-C45'  1.412(9) C45'-C46'  1.363(11) C46'-C47'  1.417(10) 
C47'-C48'  1.368(8) C48'-C49'  1.417(8) C49'-C50'  1.440(7) 
C50'-C51'  1.480(7) C51'-C60'  1.398(7) C51'-C52'  1.432(7) 
C52'-C53'  1.411(7) C52'-C57'  1.436(7) C53'-C54'  1.349(8) 
C54'-C55'  1.412(9) C55'-C56'  1.373(9) C56'-C57'  1.443(7) 
C57'-C58'  1.397(8) C58'-C59'  1.331(8) C59'-C60'  1.428(7) 
C61'-C62'  1.492(10) C65'-C66'  1.502(12) C69'-C70'  1.506(10) 
 
Table 2.4.32 Bond angles for compound 2.2–Cl(DMEDA) (o). 
O2-Ce1-O6 118.63(14) O2-Ce1-O1 76.04(13) O6-Ce1-O1 70.94(13) 
O2-Ce1-O3 70.49(13) O6-Ce1-O3 152.03(13) O1-Ce1-O3 87.40(12) 
O2-Ce1-O4 116.60(14) O6-Ce1-O4 116.69(15) O1-Ce1-O4 152.22(13) 
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O3-Ce1-O4 75.23(13) O2-Ce1-O5 153.01(13) O6-Ce1-O5 74.88(12) 
O1-Ce1-O5 88.17(12) O3-Ce1-O5 87.30(12) O4-Ce1-O5 69.81(13) 
O2-Ce1-Cl1 79.36(10) O6-Ce1-Cl1 81.75(9) O1-Ce1-Cl1 127.42(9) 
O3-Ce1-Cl1 126.12(10) O4-Ce1-Cl1 80.24(11) O5-Ce1-Cl1 127.23(9) 
O2-Ce1-Li2 149.0(2) O6-Ce1-Li2 91.2(2) O1-Ce1-Li2 125.5(2) 
O3-Ce1-Li2 87.2(2) O4-Ce1-Li2 34.1(2) O5-Ce1-Li2 37.5(2) 
Cl1-Ce1-Li2 98.2(2) O2-Ce1-Li1 36.3(2) O6-Ce1-Li1 150.7(2) 
O1-Ce1-Li1 84.9(2) O3-Ce1-Li1 34.8(2) O4-Ce1-Li1 92.4(2) 
O5-Ce1-Li1 121.8(2) Cl1-Ce1-Li1 101.3(2) Li2-Ce1-Li1 116.8(3) 
O2-Ce1-Li3 94.5(2) O6-Ce1-Li3 36.6(2) O1-Ce1-Li3 34.8(2) 
O3-Ce1-Li3 121.6(2) O4-Ce1-Li3 148.7(2) O5-Ce1-Li3 84.0(2) 
Cl1-Ce1-Li3 104.0(2) Li2-Ce1-Li3 115.8(3) Li1-Ce1-Li3 116.5(3) 
C1-O1-Li3 132.0(5) C1-O1-Ce1 125.7(3) Li3-O1-Ce1 100.9(4) 
C20-O2-Li1 130.2(5) C20-O2-Ce1 122.6(3) Li1-O2-Ce1 99.2(3) 
C21-O3-Li1 131.4(5) C21-O3-Ce1 126.0(3) Li1-O3-Ce1 100.1(4) 
C40-O4-Li2 132.1(6) C40-O4-Ce1 123.7(4) Li2-O4-Ce1 100.4(5) 
C41-O5-Li2 133.3(5) C41-O5-Ce1 126.0(3) Li2-O5-Ce1 96.0(4) 
C60-O6-Li3 132.6(5) C60-O6-Ce1 122.1(3) Li3-O6-Ce1 98.9(3) 
C61-N1-C63 112.0(10) C61-N1-Li1 104.7(8) C63-N1-Li1 114.5(7) 
C64-N2-C62 112.1(9) C64-N2-Li1 121.0(7) C62-N2-Li1 99.2(8) 
C65-N3-C67 113.6(6) C65-N3-Li2 97.7(6) C67-N3-Li2 119.1(6) 
C68-N4-C66 112.1(6) C68-N4-Li2 122.6(7) C66-N4-Li2 98.5(5) 
C71-N5-C69 110.1(8) C71-N5-Li3 120.4(6) C69-N5-Li3 103.8(7) 
C70-N6-C72 113.9(7) C70-N6-Li3 103.4(7) C72-N6-Li3 120.5(6) 
O1-C1-C10 122.9(4) O1-C1-C2 118.4(4) C10-C1-C2 118.7(4) 
C3-C2-C1 121.0(5) C2-C3-C4 121.0(5) C9-C4-C5 119.8(6) 
C9-C4-C3 119.3(5) C5-C4-C3 120.9(6) C6-C5-C4 120.5(6) 
C5-C6-C7 117.8(6) C8-C7-C6 123.4(6) C7-C8-C9 119.7(6) 
C4-C9-C8 118.5(5) C4-C9-C10 120.4(5) C8-C9-C10 120.9(5) 
C1-C10-C9 119.2(4) C1-C10-C11 118.7(4) C9-C10-C11 122.0(5) 
C20-C11-C12 118.0(5) C20-C11-C10 120.0(5) C12-C11-C10 122.0(5) 
C11-C12-C17 120.7(5) C11-C12-C13 122.1(5) C17-C12-C13 117.2(5) 
C14-C13-C12 121.2(6) C13-C14-C15 121.8(7) C14-C15-C16 120.1(6) 
C15-C16-C17 119.4(6) C18-C17-C16 121.5(6) C18-C17-C12 118.3(5) 
C16-C17-C12 120.2(6) C19-C18-C17 121.2(5) C18-C19-C20 121.9(6) 
O2-C20-C19 119.8(5) O2-C20-C11 120.3(4) C19-C20-C11 119.8(5) 
O3-C21-C30 120.9(5) O3-C21-C22 117.1(5) C30-C21-C22 122.1(5) 
C23-C22-C21 120.5(5) C22-C23-C24 120.7(6) C29-C24-C23 119.3(6) 
C29-C24-C25 120.4(7) C23-C24-C25 120.3(7) C26-C25-C24 120.1(8) 
C25-C26-C27 121.7(7) C28-C27-C26 117.5(8) C27-C28-C29 121.4(8) 
C24-C29-C28 118.9(6) C24-C29-C30 121.6(6) C28-C29-C30 119.5(7) 
C21-C30-C31 121.7(5) C21-C30-C29 115.5(6) C31-C30-C29 122.8(5) 
C30-C31-C40 120.9(5) C30-C31-C32 121.6(6) C40-C31-C32 117.4(6) 
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C33-C32-C31 122.9(7) C33-C32-C37 118.0(6) C31-C32-C37 119.0(7) 
C32-C33-C34 120.9(8) C35-C34-C33 119.6(9) C36-C35-C34 122.3(8) 
C35-C36-C37 121.4(9) C38-C37-C36 124.2(8) C38-C37-C32 118.0(6) 
C36-C37-C32 117.8(8) C39-C38-C37 123.1(7) C38-C39-C40 120.7(8) 
O4-C40-C39 119.5(6) O4-C40-C31 118.9(5) C39-C40-C31 121.6(6) 
O5-C41-C50 122.5(4) O5-C41-C42 118.5(4) C50-C41-C42 118.9(4) 
C43-C42-C41 121.5(4) C42-C43-C44 121.0(5) C43-C44-C49 118.8(5) 
C43-C44-C45 122.5(5) C49-C44-C45 118.7(5) C46-C45-C44 122.0(6) 
C45-C46-C47 118.4(5) C48-C47-C46 121.8(5) C47-C48-C49 120.2(6) 
C48-C49-C44 118.9(5) C48-C49-C50 121.9(5) C44-C49-C50 119.2(5) 
C41-C50-C49 120.2(4) C41-C50-C51 118.9(4) C49-C50-C51 120.8(4) 
C60-C51-C52 118.7(4) C60-C51-C50 120.4(5) C52-C51-C50 120.9(4) 
C53-C52-C57 118.2(5) C53-C52-C51 121.8(5) C57-C52-C51 120.0(5) 
C54-C53-C52 121.2(5) C53-C54-C55 119.7(6) C56-C55-C54 119.8(5) 
C55-C56-C57 122.9(5) C58-C57-C56 123.3(5) C58-C57-C52 118.3(5) 
C56-C57-C52 118.2(5) C59-C58-C57 122.4(5) C58-C59-C60 120.8(5) 
O6-C60-C51 119.8(4) O6-C60-C59 120.5(5) C51-C60-C59 119.7(5) 
N1-C61-C62 107.1(9) N1-C61-Li1 45.2(5) C62-C61-Li1 75.5(6) 
N2-C62-C61 110.1(9) C66-C65-N3 109.8(7) C66-C65-Li2 76.9(6) 
N3-C65-Li2 49.2(5) C65-C66-N4 110.7(8) C65-C66-Li2 71.6(6) 
N4-C66-Li2 48.8(4) N5-C69-C70 109.6(8) N6-C70-C69 113.9(7) 
N6-C70-Li3 46.4(4) C69-C70-Li3 75.0(5) O3-Li1-O2 88.7(5) 
O3-Li1-N1 116.7(7) O2-Li1-N1 145.5(7) O3-Li1-N2 120.6(6) 
O2-Li1-N2 99.0(6) N1-Li1-N2 88.0(5) O3-Li1-C61 119.3(6) 
O2-Li1-C61 150.5(6) N1-Li1-C61 30.1(4) N2-Li1-C61 60.1(5) 
O3-Li1-Ce1 45.1(3) O2-Li1-Ce1 44.4(3) N1-Li1-Ce1 158.5(6) 
N2-Li1-Ce1 111.0(5) C61-Li1-Ce1 158.1(5) O4-Li2-O5 89.5(6) 
O4-Li2-N3 135.6(7) O5-Li2-N3 116.1(6) O4-Li2-N4 103.7(6) 
O5-Li2-N4 125.4(7) N3-Li2-N4 90.6(6) O4-Li2-C65 149.1(7) 
O5-Li2-C65 121.4(6) N3-Li2-C65 33.1(3) N4-Li2-C65 60.3(4) 
O4-Li2-C66 122.2(6) O5-Li2-C66 141.0(6) N3-Li2-C66 58.2(4) 
N4-Li2-C66 32.7(3) C65-Li2-C66 31.5(3) O4-Li2-Ce1 45.5(3) 
O5-Li2-Ce1 46.5(3) N3-Li2-Ce1 155.5(6) N4-Li2-Ce1 113.5(5) 
C65-Li2-Ce1 162.4(5) C66-Li2-Ce1 146.1(5) O1-Li3-O6 88.2(4) 
O1-Li3-N5 114.4(7) O6-Li3-N5 147.0(6) O1-Li3-N6 116.9(6) 
O6-Li3-N6 102.6(6) N5-Li3-N6 88.7(5) O1-Li3-C70 131.5(6) 
O6-Li3-C70 123.8(6) N5-Li3-C70 59.0(4) N6-Li3-C70 30.2(3) 
O1-Li3-Ce1 44.3(2) O6-Li3-Ce1 44.5(2) N5-Li3-Ce1 154.8(5) 
N6-Li3-Ce1 112.1(5) C70-Li3-Ce1 142.3(5) O4'-Ce1'-O6' 112.15(16) 
O4'-Ce1'-O2' 116.21(16) O6'-Ce1'-O2' 124.41(14) O4'-Ce1'-O1' 157.09(13) 
O6'-Ce1'-O1' 69.96(13) O2'-Ce1'-O1' 75.81(14) O4'-Ce1'-O3' 77.77(15) 
O6'-Ce1'-O3' 149.79(13) O2'-Ce1'-O3' 68.42(14) O1'-Ce1'-O3' 90.06(14) 
O4'-Ce1'-O5' 71.43(14) O6'-Ce1'-O5' 74.72(12) O2'-Ce1'-O5' 146.16(14) 
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O1'-Ce1'-O5' 87.91(13) O3'-Ce1'-O5' 82.38(13) O4'-Ce1'-Cl1' 81.07(10) 
O6'-Ce1'-Cl1' 79.83(9) O2'-Ce1'-Cl1' 82.12(11) O1'-Ce1'-Cl1' 121.06(9) 
O3'-Ce1'-Cl1' 130.38(10) O5'-Ce1'-Cl1' 131.26(10) O4'-Ce1'-Li3' 145.2(2) 
O6'-Ce1'-Li3' 35.27(18) O2'-Ce1'-Li3' 98.0(2) O1'-Ce1'-Li3' 35.22(19) 
O3'-Ce1'-Li3' 123.88(18) O5'-Ce1'-Li3' 83.97(19) Cl1'-Ce1'-Li3' 98.33(16) 
O4'-Ce1'-Li2' 36.4(2) O6'-Ce1'-Li2' 90.2(2) O2'-Ce1'-Li2' 145.3(2) 
O1'-Ce1'-Li2' 123.3(2) O3'-Ce1'-Li2' 82.0(2) O5'-Ce1'-Li2' 35.4(2) 
Cl1'-Ce1'-Li2' 105.58(19) Li3'-Ce1'-Li2' 113.7(3) O4'-Ce1'-Li1' 96.8(2) 
O6'-Ce1'-Li1' 151.0(2) O2'-Ce1'-Li1' 34.4(2) O1'-Ce1'-Li1' 82.8(2) 
O3'-Ce1'-Li1' 34.04(19) O5'-Ce1'-Li1' 115.19(19) Cl1'-Ce1'-Li1' 107.24(17) 
Li3'-Ce1'-Li1' 116.2(3) Li2'-Ce1'-Li1' 113.8(3) C1'-O1'-Li3' 127.1(4) 
C1'-O1'-Ce1' 130.6(3) Li3'-O1'-Ce1' 100.5(3) C20'-O2'-Li1' 133.9(5) 
C20'-O2'-Ce1' 117.9(3) Li1'-O2'-Ce1' 102.7(3) C21'-O3'-Li1' 127.2(5) 
C21'-O3'-Ce1' 127.3(3) Li1'-O3'-Ce1' 101.8(4) C40'-O4'-Li2' 132.5(5) 
C40'-O4'-Ce1' 118.1(4) Li2'-O4'-Ce1' 100.5(4) C41'-O5'-Li2' 129.8(5) 
C41'-O5'-Ce1' 126.1(3) Li2'-O5'-Ce1' 99.1(4) C60'-O6'-Li3' 132.9(4) 
C60'-O6'-Ce1' 120.5(3) Li3'-O6'-Ce1' 101.0(3) C64'-N1'-C62' 112.2(6) 
C64'-N1'-Li1' 121.7(5) C62'-N1'-Li1' 101.5(5) C61'-N2'-C63' 114.5(6) 
C61'-N2'-Li1' 105.1(5) C63'-N2'-Li1' 117.6(6) C65'-N3'-C67' 116.9(7) 
C65'-N3'-Li2' 103.1(6) C67'-N3'-Li2' 119.8(6) C66'-N4'-C68' 114.0(7) 
C66'-N4'-Li2' 103.5(6) C68'-N4'-Li2' 118.6(6) C71'-N5'-C69' 113.2(5) 
C71'-N5'-Li3' 117.0(5) C69'-N5'-Li3' 105.2(5) C72'-N6'-C70' 112.6(5) 
C72'-N6'-Li3' 121.6(5) C70'-N6'-Li3' 102.0(4) O1'-C1'-C10' 122.0(5) 
O1'-C1'-C2' 116.8(5) C10'-C1'-C2' 121.2(6) C3'-C2'-C1' 118.0(7) 
C2'-C3'-C4' 123.6(7) C9'-C4'-C5' 120.3(9) C9'-C4'-C3' 118.0(6) 
C5'-C4'-C3' 121.7(9) C6'-C5'-C4' 117.9(10) C5'-C6'-C7' 123.0(8) 
C8'-C7'-C6' 119.9(10) C7'-C8'-C9' 118.6(9) C4'-C9'-C8' 120.1(7) 
C4'-C9'-C10' 119.6(7) C8'-C9'-C10' 120.3(7) C1'-C10'-C9' 119.0(6) 
C1'-C10'-C11' 118.9(5) C9'-C10'-C11' 122.2(6) C20'-C11'-C12' 120.2(6) 
C20'-C11'-C10' 120.3(5) C12'-C11'-C10' 119.5(5) C17'-C12'-C13' 115.7(6) 
C17'-C12'-C11' 121.0(6) C13'-C12'-C11' 123.2(6) C14'-C13'-C12' 121.5(8) 
C15'-C14'-C13' 121.6(8) C16'-C15'-C14' 119.6(7) C15'-C16'-C17' 120.6(8) 
C12'-C17'-C16' 120.9(8) C12'-C17'-C18' 118.5(6) C16'-C17'-C18' 120.6(7) 
C19'-C18'-C17' 119.8(6) C18'-C19'-C20' 122.0(6) O2'-C20'-C11' 121.4(5) 
O2'-C20'-C19' 120.2(5) C11'-C20'-C19' 118.4(5) O3'-C21'-C22' 118.8(6) 
O3'-C21'-C30' 121.3(5) C22'-C21'-C30' 119.8(6) C23'-C22'-C21' 121.8(8) 
C22'-C23'-C24' 120.8(8) C29'-C24'-C23' 118.5(7) C29'-C24'-C25' 113.7(10) 
C23'-C24'-C25' 127.8(9) C26'-C25'-C24' 124.9(11) C25'-C26'-C27' 120.6(9) 
C26'-C27'-C28' 120.3(11) C29'-C28'-C27' 120.9(10) C28'-C29'-C24' 119.3(7) 
C28'-C29'-C30' 121.5(8) C24'-C29'-C30' 119.2(8) C21'-C30'-C29' 119.0(6) 
C21'-C30'-C31' 120.1(5) C29'-C30'-C31' 120.8(7) C40'-C31'-C30' 121.4(5) 
C40'-C31'-C32' 119.8(6) C30'-C31'-C32' 118.7(6) C37'-C32'-C33' 117.6(7) 
C37'-C32'-C31' 120.9(8) C33'-C32'-C31' 121.5(7) C34'-C33'-C32' 123.2(9) 
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C33'-C34'-C35' 116.6(10) C36'-C35'-C34' 123.7(9) C35'-C36'-C37' 118.4(9) 
C32'-C37'-C38' 118.6(7) C32'-C37'-C36' 120.4(10) C38'-C37'-C36' 121.0(9) 
C37'-C38'-C39' 123.3(7) C38'-C39'-C40' 116.9(8) O4'-C40'-C31' 121.0(5) 
O4'-C40'-C39' 118.9(6) C31'-C40'-C39' 120.1(6) O5'-C41'-C50' 122.9(5) 
O5'-C41'-C42' 119.0(5) C50'-C41'-C42' 118.0(5) C43'-C42'-C41' 123.2(6) 
C42'-C43'-C44' 120.5(5) C49'-C44'-C45' 119.4(6) C49'-C44'-C43' 118.3(5) 
C45'-C44'-C43' 122.2(6) C46'-C45'-C44' 121.4(6) C45'-C46'-C47' 119.5(6) 
C48'-C47'-C46' 119.8(7) C47'-C48'-C49' 121.3(6) C44'-C49'-C48' 118.5(5) 
C44'-C49'-C50' 120.0(5) C48'-C49'-C50' 121.5(5) C41'-C50'-C49' 119.9(5) 
C41'-C50'-C51' 118.8(5) C49'-C50'-C51' 121.3(4) C60'-C51'-C52' 119.9(4) 
C60'-C51'-C50' 118.4(4) C52'-C51'-C50' 121.7(4) C53'-C52'-C51' 123.6(5) 
C53'-C52'-C57' 118.3(5) C51'-C52'-C57' 118.1(4) C54'-C53'-C52' 121.2(5) 
C58'-C57'-C52' 120.0(5) C58'-C57'-C56' 121.2(5) C52'-C57'-C56' 118.8(5) 
C59'-C58'-C57' 121.0(5) C58'-C59'-C60' 122.0(5) O6'-C60'-C51' 121.0(4) 
O6'-C60'-C59' 120.1(4) C51'-C60'-C59' 118.9(5) N2'-C61'-C62' 110.1(6) 
C61'-C62'-N1' 107.7(5) N3'-C65'-C66' 110.4(6) N4'-C66'-C65' 109.6(6) 
N5'-C69'-C70' 108.8(5) N6'-C70'-C69' 112.7(5) O3'-Li1'-O2' 87.0(5) 
O3'-Li1'-N2' 123.9(6) O2'-Li1'-N2' 109.5(5) O3'-Li1'-N1' 116.5(5) 
O2'-Li1'-N1' 139.6(6) N2'-Li1'-N1' 85.2(4) O3'-Li1'-Ce1' 44.1(3) 
O2'-Li1'-Ce1' 42.9(2) N2'-Li1'-Ce1' 126.0(4) N1'-Li1'-Ce1' 148.2(4) 
O5'-Li2'-O4' 88.0(5) O5'-Li2'-N4' 113.3(5) O4'-Li2'-N4' 145.2(7) 
O5'-Li2'-N3' 132.3(7) O4'-Li2'-N3' 100.4(5) N4'-Li2'-N3' 85.5(5) 
O5'-Li2'-Ce1' 45.5(3) O4'-Li2'-Ce1' 43.1(2) N4'-Li2'-Ce1' 153.1(5) 
N3'-Li2'-Ce1' 120.8(5) O1'-Li3'-O6' 87.2(4) O1'-Li3'-N5' 115.9(5) 
O6'-Li3'-N5' 104.7(4) O1'-Li3'-N6' 117.7(5) O6'-Li3'-N6' 145.8(6) 
N5'-Li3'-N6' 85.9(4) O1'-Li3'-Ce1' 44.2(2) O6'-Li3'-Ce1' 43.7(2) 
N5'-Li3'-Ce1' 112.2(4) N6'-Li3'-Ce1' 158.2(4)   
 
Table 2.4.33. Bond lengths for compound 2.2–Br(DMEDA) (Å). 
Ce1-O2  2.280(7) Ce1-O2#1  2.280(7) Ce1-O2#2  2.280(7) 
Ce1-O1#1  2.314(9) Ce1-O1  2.314(9) Ce1-O1#2  2.314(9) 
Ce1-Br1  2.896(3) Ce1-Li1#2  3.18(2) Ce1-Li1  3.18(2) 
Ce1-Li1#1  3.18(2) O1-C1  1.328(15) O1-Li1#1  1.86(3) 
O2-C20  1.337(16) O2-Li1  1.89(3) N1-C23  1.450(17) 
N1-C21  1.481(16) N1-Li1  2.12(3) N2-C24  1.455(18) 
N2-C22  1.488(15) N2-Li1  2.13(3) C1-C2  1.39(2) 
C1-C10  1.418(17) C2-C3  1.41(2) C3-C4  1.416(19) 
C4-C5  1.41(2) C4-C9  1.45(2) C5-C6  1.35(2) 
C6-C7  1.36(2) C7-C8  1.37(2) C8-C9  1.38(2) 
C9-C10  1.42(2) C10-C11  1.50(2) C11-C20  1.376(18) 
C11-C12  1.417(18) C12-C13  1.38(2) C12-C17  1.39(2) 
C13-C14  1.45(2) C14-C15  1.32(3) C15-C16  1.39(3) 
C16-C17  1.39(2) C17-C18  1.31(2) C18-C19  1.43(2) 
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C19-C20  1.41(2) C21-C22  1.471(17) Li1-O1#2  1.86(3) 
 
Table 2.4.34. Bond angles for compound 2.2–Br(DMEDA) (o). 
O2-Ce1-O2#1 117.39(17) O2-Ce1-O2#2 117.39(17) O2#1-Ce1-O2#2 117.39(17) 
O2-Ce1-O1#1 150.7(4) O2#1-Ce1-O1#1 75.9(3) O2#2-Ce1-O1#1 71.1(3) 
O2-Ce1-O1 75.9(3) O2#1-Ce1-O1 71.1(3) O2#2-Ce1-O1 150.7(4) 
O1#1-Ce1-O1 85.3(4) O2-Ce1-O1#2 71.1(3) O2#1-Ce1-O1#2 150.7(4) 
O2#2-Ce1-O1#2 75.9(3) O1#1-Ce1-O1#2 85.3(4) O1-Ce1-O1#2 85.3(4) 
O2-Ce1-Br1 80.6(3) O2#1-Ce1-Br1 80.6(3) O2#2-Ce1-Br1 80.6(3) 
O1#1-Ce1-Br1 128.5(3) O1-Ce1-Br1 128.5(3) O1#2-Ce1-Br1 128.5(3) 
O2-Ce1-Li1#2 147.3(5) O2#1-Ce1-Li1#2 95.3(5) O2#2-Ce1-Li1#2 36.0(6) 
O1#1-Ce1-Li1#2 35.3(6) O1-Ce1-Li1#2 119.7(6) O1#2-Ce1-Li1#2 81.3(5) 
Br1-Ce1-Li1#2 104.7(5) O2-Ce1-Li1 36.0(6) O2#1-Ce1-Li1 147.3(5) 
O2#2-Ce1-Li1 95.3(5) O1#1-Ce1-Li1 119.7(6) O1-Ce1-Li1 81.3(5) 
O1#2-Ce1-Li1 35.3(6) Br1-Ce1-Li1 104.7(5) Li1#2-Ce1-Li1 113.8(4) 
O2-Ce1-Li1#1 95.3(5) O2#1-Ce1-Li1#1 36.0(6) O2#2-Ce1-Li1#1 147.3(5) 
O1#1-Ce1-Li1#1 81.3(5) O1-Ce1-Li1#1 35.3(6) O1#2-Ce1-Li1#1 119.7(6) 
Br1-Ce1-Li1#1 104.7(5) Li1#2-Ce1-Li1#1 113.8(4) Li1-Ce1-Li1#1 113.8(4) 
C1-O1-Li1#1 131.4(10) C1-O1-Ce1 126.9(7) Li1#1-O1-Ce1 98.8(9) 
C20-O2-Li1 130.9(11) C20-O2-Ce1 121.8(7) Li1-O2-Ce1 99.0(8) 
C23-N1-C21 120(2) C23-N1-Li1 116.8(16) C21-N1-Li1 101.4(14) 
C24-N2-C22 111.1(15) C24-N2-Li1 119.8(14) C22-N2-Li1 104.6(13) 
O1-C1-C2 116.4(11) O1-C1-C10 122.5(15) C2-C1-C10 121.0(13) 
C1-C2-C3 122.2(12) C4-C3-C2 117.8(15) C5-C4-C3 120.6(17) 
C5-C4-C9 118.4(13) C3-C4-C9 120.9(13) C6-C5-C4 121.8(19) 
C5-C6-C7 119.5(18) C6-C7-C8 121.3(17) C7-C8-C9 122.7(19) 
C8-C9-C10 124.9(18) C8-C9-C4 116.2(15) C10-C9-C4 118.9(13) 
C1-C10-C9 118.9(16) C1-C10-C11 118.8(13) C9-C10-C11 121.9(12) 
C20-C11-C12 122.1(18) C20-C11-C10 119.2(11) C12-C11-C10 118.7(14) 
C13-C12-C17 117.3(14) C13-C12-C11 123.7(19) C17-C12-C11 118.9(16) 
C12-C13-C14 120.1(18) C15-C14-C13 120.2(17) C14-C15-C16 120.9(17) 
C15-C16-C17 119(2) C18-C17-C16 119(2) C18-C17-C12 118.6(15) 
C16-C17-C12 122.1(17) C17-C18-C19 125.1(19) C20-C19-C18 117.0(17) 
O2-C20-C11 122.2(15) O2-C20-C19 119.7(14) C11-C20-C19 118.1(15) 
C22-C21-N1 106.9(18) C21-C22-N2 111.6(17) O1#2-Li1-O2 90.7(10) 
O1#2-Li1-N1 131.2(14) O2-Li1-N1 102.4(14) O1#2-Li1-N2 115.0(15) 
O2-Li1-N2 140.1(14) N1-Li1-N2 83.7(9) O1#2-Li1-Ce1 45.9(6) 
O2-Li1-Ce1 45.0(5) N1-Li1-Ce1 124.7(12) N2-Li1-Ce1 151.4(11) 
 
Table 2.4.35. Bond lengths for compound 2.2–I(DMEDA) (Å). 
Ce1-O2#1  2.278(3) Ce1-O2  2.278(3) Ce1-O2#2  2.278(3) 
Ce1-O1  2.309(4) Ce1-O1#1  2.309(4) Ce1-O1#2  2.309(4) 
Ce1-I1  3.1414(11) Ce1-Li1#2  3.205(10) Ce1-Li1  3.205(10) 
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Ce1-Li1#1  3.205(10) O1-C1  1.332(7) O1-Li1#2  1.863(12) 
O2-C20  1.341(7) O2-Li1  1.912(11) N1-C23  1.371(10) 
N1-C21  1.498(9) N1-Li1  2.073(13) N2-C22  1.486(9) 
N2-C24  1.478(11) N2-Li1  2.123(12) C1-C2  1.357(9) 
C1-C10  1.407(8) C2-C3  1.429(9) C3-C4  1.370(9) 
C4-C5  1.399(9) C4-C9  1.416(10) C5-C6  1.354(9) 
C6-C7  1.317(10) C7-C8  1.436(10) C8-C9  1.431(9) 
C9-C10  1.499(9) C10-C11  1.465(9) C11-C20  1.396(9) 
C11-C12  1.426(9) C12-C17  1.396(11) C12-C13  1.445(10) 
C13-C14  1.419(9) C14-C15  1.435(12) C15-C16  1.288(11) 
C16-C17  1.379(9) C17-C18  1.350(11) C18-C19  1.405(10) 
C19-C20  1.439(9) C21-C22  1.480(11) Li1-O1#1  1.863(12) 
Ce1-O2#1  2.278(3) Ce1-O2  2.278(3) Ce1-O2#2  2.278(3) 
Ce1-O1  2.309(4) Ce1-O1#1  2.309(4) Ce1-O1#2  2.309(4) 
Ce1-I1  3.1414(11) Ce1-Li1#2  3.205(10) Ce1-Li1  3.205(10) 
Ce1-Li1#1  3.205(10) O1-C1  1.332(7) O1-Li1#2  1.863(12) 
O2-C20  1.341(7) O2-Li1  1.912(11) N1-C23  1.371(10) 
N1-C21  1.498(9) N1-Li1  2.073(13) N2-C22  1.486(9) 
N2-C24  1.478(11) N2-Li1  2.123(12) C1-C2  1.357(9) 
C1-C10  1.407(8) C2-C3  1.429(9) C3-C4  1.370(9) 
C4-C5  1.399(9) C4-C9  1.416(10) C5-C6  1.354(9) 
C6-C7  1.317(10) C7-C8  1.436(10) C8-C9  1.431(9) 
C9-C10  1.499(9) C10-C11  1.465(9) C11-C20  1.396(9) 
C11-C12  1.426(9) C12-C17  1.396(11) C12-C13  1.445(10) 
C13-C14  1.419(9) C14-C15  1.435(12) C15-C16  1.288(11) 
C16-C17  1.379(9) C17-C18  1.350(11) C18-C19  1.405(10) 
C19-C20  1.439(9) C21-C22  1.480(11) Li1-O1#1  1.863(12) 
 
Table 2.4.36. Bond angles for compound 2.2–I(DMEDA) (o). 
O2#1-Ce1-O2 117.40(6) O2#1-Ce1-O2#2 117.40(6) O2-Ce1-O2#2 117.40(6) 
O2#1-Ce1-O1 151.69(16) O2-Ce1-O1 75.42(13) O2#2-Ce1-O1 70.65(14) 
O2#1-Ce1-O1#1 75.42(13) O2-Ce1-O1#1 70.65(14) O2#2-Ce1-O1#1 151.69(16) 
O1-Ce1-O1#1 86.78(15) O2#1-Ce1-O1#2 70.65(14) O2-Ce1-O1#2 151.69(16) 
O2#2-Ce1-O1#2 75.42(13) O1-Ce1-O1#2 86.78(15) O1#1-Ce1-O1#2 86.78(15) 
O2#1-Ce1-I1 80.63(11) O2-Ce1-I1 80.63(11) O2#2-Ce1-I1 80.63(11) 
O1-Ce1-I1 127.51(10) O1#1-Ce1-I1 127.51(10) O1#2-Ce1-I1 127.51(10) 
O2#1-Ce1-Li1#2 148.4(2) O2-Ce1-Li1#2 94.1(2) O2#2-Ce1-Li1#2 36.1(2) 
O1-Ce1-Li1#2 34.9(2) O1#1-Ce1-Li1#2 121.0(3) O1#2-Ce1-Li1#2 82.9(2) 
I1-Ce1-Li1#2 103.6(2) O2#1-Ce1-Li1 94.1(2) O2-Ce1-Li1 36.1(2) 
O2#2-Ce1-Li1 148.4(2) O1-Ce1-Li1 82.9(2) O1#1-Ce1-Li1 34.9(2) 
O1#2-Ce1-Li1 121.0(3) I1-Ce1-Li1 103.6(2) Li1#2-Ce1-Li1 114.68(17) 
O2#1-Ce1-Li1#1 36.1(2) O2-Ce1-Li1#1 148.4(2) O2#2-Ce1-Li1#1 94.1(2) 
O1-Ce1-Li1#1 121.0(3) O1#1-Ce1-Li1#1 82.9(2) O1#2-Ce1-Li1#1 34.9(2) 
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I1-Ce1-Li1#1 103.6(2) Li1#2-Ce1-Li1#1 114.68(17) Li1-Ce1-Li1#1 114.68(17) 
C1-O1-Li1#2 130.1(5) C1-O1-Ce1 127.5(3) Li1#2-O1-Ce1 99.9(4) 
C20-O2-Li1 131.6(5) C20-O2-Ce1 122.5(3) Li1-O2-Ce1 99.4(4) 
C23-N1-C21 116.2(8) C23-N1-Li1 115.2(7) C21-N1-Li1 99.1(6) 
C22-N2-C24 110.9(7) C22-N2-Li1 103.7(6) C24-N2-Li1 119.6(6) 
O1-C1-C2 119.0(5) O1-C1-C10 119.7(7) C2-C1-C10 121.3(6) 
C1-C2-C3 123.2(6) C4-C3-C2 118.7(7) C3-C4-C5 123.2(8) 
C3-C4-C9 120.5(6) C5-C4-C9 116.3(7) C6-C5-C4 123.7(8) 
C7-C6-C5 119.8(8) C6-C7-C8 123.2(8) C9-C8-C7 115.6(8) 
C4-C9-C8 121.2(7) C4-C9-C10 120.4(5) C8-C9-C10 118.1(8) 
C1-C10-C11 122.4(6) C1-C10-C9 115.9(7) C11-C10-C9 121.6(5) 
C20-C11-C12 118.5(7) C20-C11-C10 118.2(5) C12-C11-C10 123.2(6) 
C17-C12-C11 122.3(6) C17-C12-C13 119.4(6) C11-C12-C13 118.3(8) 
C14-C13-C12 117.5(8) C13-C14-C15 120.1(8) C16-C15-C14 118.4(7) 
C15-C16-C17 126.1(9) C18-C17-C16 124.6(9) C18-C17-C12 117.0(6) 
C16-C17-C12 118.4(8) C17-C18-C19 124.9(8) C18-C19-C20 117.2(7) 
O2-C20-C11 121.7(6) O2-C20-C19 118.8(6) C11-C20-C19 119.5(6) 
C22-C21-N1 106.0(7) N2-C22-C21 108.4(8) O1#1-Li1-O2 89.3(4) 
O1#1-Li1-N1 131.0(6) O2-Li1-N1 106.3(7) O1#1-Li1-N2 116.2(7) 
O2-Li1-N2 135.0(6) N1-Li1-N2 85.0(4) O1#1-Li1-Ce1 45.2(2) 
O2-Li1-Ce1 44.5(2) N1-Li1-Ce1 126.2(5) N2-Li1-Ce1 148.8(5) 
 
Table 2.4.37. Bond lengths for compound 2.2–NCS (Å). 
Ce1-O1  2.260(2) Ce1-O6  2.265(2) Ce1-O2  2.271(2) 
Ce1-O3  2.285(2) Ce1-O4  2.304(3) Ce1-O5  2.318(3) 
Ce1-N1  2.414(4) Ce1-Li2  3.154(7) Ce1-Li3  3.225(6) 
Ce1-Li1  3.294(6) S1-C81  1.615(4) O1-C1  1.352(5) 
O1-Li3  1.948(8) O2-C20  1.355(4) O2-Li1  1.917(7) 
O3-C21  1.343(4) O3-Li1  1.918(7) O4-C40  1.357(4) 
O4-Li2  1.848(7) O5-C41  1.335(4) O5-Li2  1.906(8) 
O6-C60  1.347(5) O6-Li3  1.920(8) N1-C81  1.161(6) 
C1-C10  1.403(6) C1-C2  1.411(6) C2-C3  1.361(7) 
C3-C4  1.407(7) C4-C9  1.400(7) C4-C5  1.418(7) 
C5-C6  1.354(9) C6-C7  1.389(10) C7-C8  1.372(7) 
C8-C9  1.422(6) C9-C10  1.452(6) C10-C11  1.480(6) 
C11-C20  1.379(6) C11-C12  1.430(5) C12-C17  1.407(7) 
C12-C13  1.433(7) C13-C14  1.381(6) C14-C15  1.378(10) 
C15-C16  1.359(9) C16-C17  1.419(6) C17-C18  1.408(7) 
C18-C19  1.373(6) C19-C20  1.413(6) C21-C30  1.373(5) 
C21-C22  1.421(6) C22-C23  1.361(6) C23-C24  1.411(6) 
C24-C29  1.419(5) C24-C25  1.421(5) C25-C26  1.339(7) 
C26-C27  1.417(7) C27-C28  1.370(6) C28-C29  1.396(5) 
C29-C30  1.452(5) C30-C31  1.500(5) C31-C40  1.382(5) 
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C31-C32  1.430(5) C32-C37  1.409(6) C32-C33  1.418(5) 
C33-C34  1.386(6) C34-C35  1.373(7) C35-C36  1.377(7) 
C36-C37  1.427(5) C37-C38  1.413(5) C38-C39  1.352(5) 
C39-C40  1.437(5) C41-C50  1.398(5) C41-C42  1.435(5) 
C42-C43  1.352(6) C43-C44  1.413(6) C44-C49  1.415(5) 
C44-C45  1.426(5) C45-C46  1.358(7) C46-C47  1.412(7) 
C47-C48  1.381(6) C48-C49  1.411(6) C49-C50  1.429(5) 
C50-C51  1.486(5) C51-C60  1.383(5) C51-C52  1.437(5) 
C52-C57  1.418(5) C52-C53  1.425(6) C53-C54  1.374(6) 
C54-C55  1.403(7) C55-C56  1.353(7) C56-C57  1.414(6) 
C57-C58  1.407(6) C58-C59  1.373(6) C59-C60  1.423(5) 
O7-C61  1.417(7) O7-C64  1.438(6) O7-Li1  1.928(9) 
C61-C62  1.509(9) C62-C63  1.458(12) C63-C64  1.422(11) 
O8-C65  1.433(6) O8-C68  1.433(7) O8-Li1  1.923(9) 
C65-C66  1.515(9) C66-C67  1.469(9) C67-C68  1.476(8) 
O9-C69  1.432(6) O9-C72  1.439(5) O9-Li2  1.836(7) 
C69-C70  1.471(7) C70-C71  1.432(10) C71-C72  1.526(7) 
O10-C73  1.390(7) O10-C76  1.455(7) O10-Li3  1.896(8) 
C73-C74  1.568(9) C74-C75  1.497(10) C75-C76  1.521(9) 
O11-C80  1.396(7) O11-C77  1.416(6) O11-Li3  1.943(8) 
C77-C78  1.505(8) C78-C79  1.487(9) C79-C80  1.483(8) 
Ce1'-O2'  2.256(2) Ce1'-O1'  2.269(3) Ce1'-O3'  2.292(2) 
Ce1'-O5'  2.309(3) Ce1'-O6'  2.310(2) Ce1'-O4'  2.328(3) 
Ce1'-N1'  2.421(3) Ce1'-Li2'  3.151(7) Ce1'-Li3'  3.236(7) 
Ce1'-Li1'  3.280(6) S1'-C81'  1.620(4) O1'-C1'  1.350(4) 
O1'-Li3'  1.954(7) O2'-C20'  1.350(4) O2'-Li1'  1.897(7) 
O3'-C21'  1.346(4) O3'-Li1'  1.922(7) O4'-C40'  1.342(4) 
O4'-Li2'  1.875(8) O5'-C41'  1.347(4) O5'-Li2'  1.888(8) 
O6'-C60'  1.320(4) O6'-Li3'  1.935(7) N1'-C81'  1.147(5) 
C1'-C10'  1.394(5) C1'-C2'  1.425(5) C2'-C3'  1.370(6) 
C3'-C4'  1.410(6) C4'-C9'  1.412(6) C4'-C5'  1.430(6) 
C5'-C6'  1.357(8) C6'-C7'  1.410(8) C7'-C8'  1.379(6) 
C8'-C9'  1.430(6) C9'-C10'  1.440(5) C10'-C11'  1.476(5) 
C11'-C20'  1.375(5) C11'-C12'  1.452(5) C12'-C17'  1.418(6) 
C12'-C13'  1.421(5) C13'-C14'  1.366(6) C14'-C15'  1.413(8) 
C15'-C16'  1.361(7) C16'-C17'  1.420(6) C17'-C18'  1.402(6) 
C18'-C19'  1.363(6) C19'-C20'  1.414(5) C21'-C30'  1.384(5) 
C21'-C22'  1.419(5) C22'-C23'  1.358(5) C23'-C24'  1.413(5) 
C24'-C29'  1.420(5) C24'-C25'  1.428(5) C25'-C26'  1.362(6) 
C26'-C27'  1.393(7) C27'-C28'  1.366(5) C28'-C29'  1.419(5) 
C29'-C30'  1.444(5) C30'-C31'  1.497(5) C31'-C40'  1.379(5) 
C31'-C32'  1.441(5) C32'-C33'  1.419(6) C32'-C37'  1.428(5) 
C33'-C34'  1.375(5) C34'-C35'  1.398(7) C35'-C36'  1.366(7) 
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C36'-C37'  1.412(6) C37'-C38'  1.406(6) C38'-C39'  1.366(6) 
C39'-C40'  1.419(5) C41'-C50'  1.385(5) C41'-C42'  1.431(5) 
C41'-Li2'  2.788(9) C42'-C43'  1.355(6) C43'-C44'  1.410(6) 
C44'-C45'  1.412(6) C44'-C49'  1.433(6) C45'-C46'  1.364(8) 
C46'-C47'  1.389(9) C47'-C48'  1.366(6) C48'-C49'  1.403(6) 
C49'-C50'  1.424(5) C50'-C51'  1.496(5) C51'-C60'  1.376(5) 
C51'-C52'  1.438(5) C52'-C53'  1.416(5) C52'-C57'  1.423(5) 
C53'-C54'  1.366(6) C54'-C55'  1.409(6) C55'-C56'  1.354(7) 
C56'-C57'  1.419(5) C57'-C58'  1.421(6) C58'-C59'  1.351(6) 
C59'-C60'  1.438(5) O7'-C61'  1.424(6) O7'-C64'  1.440(5) 
O7'-Li1'  1.954(7) C61'-C62'  1.526(7) C62'-C63'  1.506(7) 
C63'-C64'  1.503(7) O8'-C65'  1.416(5) O8'-C68'  1.425(7) 
O8'-Li1'  1.933(8) C65'-C66'  1.522(8) C66'-C67'  1.512(9) 
C67'-C68'  1.479(8) O9'-C72'  1.432(5) O9'-C69'  1.434(5) 
O9'-Li2'  1.856(8) C69'-C70'  1.487(7) C70'-C71'  1.496(8) 
C71'-C72'  1.535(7) O10'-C73'  1.405(6) O10'-C76'  1.427(6) 
O10'-Li3'  1.944(8) C73'-C74'  1.462(8) C74'-C75'  1.459(10) 
C75'-C76'  1.498(8) O11'-C80'  1.431(6) O11'-C77'  1.434(5) 
O11'-Li3'  1.951(7) C77'-C78'  1.535(8) C78'-C79'  1.479(8) 
C79'-C80'  1.505(7)     
 
Table 2.4.38 Bond angles for compound 2.2–NCS (o). 
O1-Ce1-O6 72.10(10) O1-Ce1-O2 77.05(10) O6-Ce1-O2 134.96(9) 
O1-Ce1-O3 117.63(10) O6-Ce1-O3 155.55(9) O2-Ce1-O3 69.02(9) 
O1-Ce1-O4 157.40(9) O6-Ce1-O4 89.09(9) O2-Ce1-O4 125.54(10) 
O3-Ce1-O4 75.24(9) O1-Ce1-O5 90.78(9) O6-Ce1-O5 76.76(9) 
O2-Ce1-O5 136.12(10) O3-Ce1-O5 80.59(9) O4-Ce1-O5 72.35(9) 
O1-Ce1-N1 106.92(12) O6-Ce1-N1 79.54(11) O2-Ce1-N1 79.00(12) 
O3-Ce1-N1 115.41(12) O4-Ce1-N1 80.97(11) O5-Ce1-N1 144.27(11) 
O1-Ce1-Li2 126.31(15) O6-Ce1-Li2 81.80(17) O2-Ce1-Li2 143.21(17) 
O3-Ce1-Li2 74.54(17) O4-Ce1-Li2 35.42(15) O5-Ce1-Li2 36.93(15) 
N1-Ce1-Li2 113.42(17) O1-Ce1-Li3 36.53(16) O6-Ce1-Li3 35.84(16) 
O2-Ce1-Li3 105.75(14) O3-Ce1-Li3 150.68(17) O4-Ce1-Li3 124.63(15) 
O5-Ce1-Li3 85.54(15) N1-Ce1-Li3 90.68(18) Li2-Ce1-Li3 108.44(19) 
O1-Ce1-Li1 97.34(16) O6-Ce1-Li1 168.29(15) O2-Ce1-Li1 34.49(13) 
O3-Ce1-Li1 34.58(13) O4-Ce1-Li1 102.28(15) O5-Ce1-Li1 109.10(15) 
N1-Ce1-Li1 99.33(17) Li2-Ce1-Li1 109.1(2) Li3-Ce1-Li1 133.04(19) 
C1-O1-Li3 132.6(3) C1-O1-Ce1 127.4(2) Li3-O1-Ce1 99.8(2) 
C20-O2-Li1 134.6(3) C20-O2-Ce1 122.0(2) Li1-O2-Ce1 103.4(2) 
C21-O3-Li1 129.2(3) C21-O3-Ce1 127.9(2) Li1-O3-Ce1 102.9(2) 
C40-O4-Li2 124.9(3) C40-O4-Ce1 120.5(2) Li2-O4-Ce1 98.3(2) 
C41-O5-Li2 118.0(3) C41-O5-Ce1 128.0(2) Li2-O5-Ce1 96.1(2) 
C60-O6-Li3 134.0(3) C60-O6-Ce1 120.6(2) Li3-O6-Ce1 100.5(2) 
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C81-N1-Ce1 154.6(3) O1-C1-C10 121.4(4) O1-C1-C2 118.4(4) 
C10-C1-C2 120.2(4) C3-C2-C1 121.6(4) C2-C3-C4 120.4(5) 
C9-C4-C3 119.6(4) C9-C4-C5 119.2(5) C3-C4-C5 121.3(5) 
C6-C5-C4 121.4(6) C5-C6-C7 119.8(5) C8-C7-C6 120.8(6) 
C7-C8-C9 120.6(6) C4-C9-C8 118.2(4) C4-C9-C10 120.5(4) 
C8-C9-C10 121.2(4) C1-C10-C9 117.5(4) C1-C10-C11 121.8(4) 
C9-C10-C11 120.7(4) C20-C11-C12 118.8(4) C20-C11-C10 119.2(3) 
C12-C11-C10 122.0(4) C17-C12-C11 121.0(4) C17-C12-C13 117.8(4) 
C11-C12-C13 121.2(4) C14-C13-C12 119.9(5) C15-C14-C13 121.8(5) 
C16-C15-C14 119.5(4) C15-C16-C17 121.5(5) C12-C17-C18 118.2(4) 
C12-C17-C16 119.5(5) C18-C17-C16 122.2(5) C19-C18-C17 120.9(5) 
C18-C19-C20 120.8(4) O2-C20-C11 121.7(4) O2-C20-C19 118.1(4) 
C11-C20-C19 120.2(4) O3-C21-C30 122.7(3) O3-C21-C22 117.3(4) 
C30-C21-C22 120.0(3) C23-C22-C21 121.4(4) C22-C23-C24 120.3(4) 
C23-C24-C29 119.7(3) C23-C24-C25 121.8(4) C29-C24-C25 118.4(4) 
C26-C25-C24 122.6(5) C25-C26-C27 118.8(4) C28-C27-C26 120.3(4) 
C27-C28-C29 121.7(4) C28-C29-C24 118.1(3) C28-C29-C30 123.1(3) 
C24-C29-C30 118.8(3) C21-C30-C29 119.6(3) C21-C30-C31 120.0(3) 
C29-C30-C31 120.4(3) C40-C31-C32 119.2(3) C40-C31-C30 119.2(3) 
C32-C31-C30 121.5(3) C37-C32-C33 118.0(4) C37-C32-C31 119.2(3) 
C33-C32-C31 122.7(4) C34-C33-C32 120.7(4) C35-C34-C33 120.8(4) 
C34-C35-C36 120.8(4) C35-C36-C37 119.7(4) C32-C37-C38 120.5(3) 
C32-C37-C36 120.0(4) C38-C37-C36 119.5(4) C39-C38-C37 120.0(4) 
C38-C39-C40 120.7(3) O4-C40-C31 121.7(3) O4-C40-C39 118.1(3) 
C31-C40-C39 120.2(3) O5-C41-C50 122.2(3) O5-C41-C42 118.2(3) 
C50-C41-C42 119.7(3) C43-C42-C41 121.0(4) C42-C43-C44 120.6(4) 
C43-C44-C49 119.8(4) C43-C44-C45 120.8(4) C49-C44-C45 119.4(4) 
C46-C45-C44 120.9(4) C45-C46-C47 120.1(4) C48-C47-C46 120.2(5) 
C47-C48-C49 121.0(4) C48-C49-C44 118.5(3) C48-C49-C50 121.8(3) 
C44-C49-C50 119.7(4) C41-C50-C49 119.0(3) C41-C50-C51 119.4(3) 
C49-C50-C51 121.5(3) C60-C51-C52 119.1(4) C60-C51-C50 119.8(3) 
C52-C51-C50 121.1(3) C57-C52-C53 118.3(3) C57-C52-C51 120.0(4) 
C53-C52-C51 121.7(4) C54-C53-C52 121.1(4) C53-C54-C55 119.8(4) 
C56-C55-C54 120.4(4) C55-C56-C57 121.7(4) C58-C57-C56 122.4(4) 
C58-C57-C52 119.0(4) C56-C57-C52 118.6(4) C59-C58-C57 121.0(4) 
C58-C59-C60 120.5(4) O6-C60-C51 121.9(3) O6-C60-C59 117.7(4) 
C51-C60-C59 120.3(4) C61-O7-C64 108.5(5) C61-O7-Li1 126.3(4) 
C64-O7-Li1 122.4(5) O7-C61-C62 105.7(5) C63-C62-C61 104.2(7) 
C64-C63-C62 106.4(6) C63-C64-O7 108.6(6) C65-O8-C68 105.0(6) 
C65-O8-Li1 123.7(5) C68-O8-Li1 119.4(4) O8-C65-C66 102.8(6) 
C67-C66-C65 113.2(7) C66-C67-C68 98.0(7) O8-C68-C67 114.9(7) 
C69-O9-C72 110.3(3) C69-O9-Li2 125.1(4) C72-O9-Li2 124.6(4) 
O9-C69-C70 107.1(5) C71-C70-C69 109.2(5) C70-C71-C72 106.1(5) 
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O9-C72-C71 106.1(4) C73-O10-C76 111.3(4) C73-O10-Li3 124.5(4) 
C76-O10-Li3 122.2(4) O10-C73-C74 104.9(5) C75-C74-C73 101.7(5) 
C74-C75-C76 103.4(5) O10-C76-C75 105.5(5) C80-O11-C77 106.0(7) 
C80-O11-Li3 126.3(5) C77-O11-Li3 119.2(5) O11-C77-C78 103.3(7) 
C79-C78-C77 110.8(7) C80-C79-C78 94.2(10) O11-C80-C79 111.1(7) 
N1-C81-S1 178.9(4) O2-Li1-O3 84.6(3) O2-Li1-O8 112.6(4) 
O3-Li1-O8 119.1(5) O2-Li1-O7 127.5(5) O3-Li1-O7 113.2(4) 
O8-Li1-O7 101.0(3) O2-Li1-Ce1 42.11(15) O3-Li1-Ce1 42.55(15) 
O8-Li1-Ce1 127.7(4) O7-Li1-Ce1 131.0(4) O9-Li2-O4 133.9(4) 
O9-Li2-O5 132.9(4) O4-Li2-O5 93.2(3) O9-Li2-Ce1 179.0(4) 
O4-Li2-Ce1 46.27(17) O5-Li2-Ce1 46.94(16) O10-Li3-O6 128.2(4) 
O10-Li3-O11 97.6(3) O6-Li3-O11 108.4(4) O10-Li3-O1 123.8(5) 
O6-Li3-O1 87.0(3) O11-Li3-O1 111.8(4) O10-Li3-Ce1 148.5(4) 
O6-Li3-Ce1 43.69(15) O11-Li3-Ce1 113.9(3) O1-Li3-Ce1 43.68(15) 
O2'-Ce1'-O1' 75.21(9) O2'-Ce1'-O3' 68.86(8) O1'-Ce1'-O3' 119.34(9) 
O2'-Ce1'-O5' 132.86(10) O1'-Ce1'-O5' 91.72(10) O3'-Ce1'-O5' 79.83(9) 
O2'-Ce1'-O6' 135.91(8) O1'-Ce1'-O6' 72.49(9) O3'-Ce1'-O6' 154.78(8) 
O5'-Ce1'-O6' 77.51(9) O2'-Ce1'-O4' 126.90(9) O1'-Ce1'-O4' 157.88(9) 
O3'-Ce1'-O4' 74.17(9) O5'-Ce1'-O4' 72.68(10) O6'-Ce1'-O4' 88.56(9) 
O2'-Ce1'-N1' 79.91(11) O1'-Ce1'-N1' 105.94(12) O3'-Ce1'-N1' 113.50(12) 
O5'-Ce1'-N1' 146.51(10) O6'-Ce1'-N1' 80.98(12) O4'-Ce1'-N1' 81.46(11) 
O2'-Ce1'-Li2' 140.74(17) O1'-Ce1'-Li2' 127.17(16) O3'-Ce1'-Li2' 71.90(17) 
O5'-Ce1'-Li2' 36.52(16) O6'-Ce1'-Li2' 83.28(16) O4'-Ce1'-Li2' 36.24(16) 
N1'-Ce1'-Li2' 115.80(18) O2'-Ce1'-Li3' 105.16(13) O1'-Ce1'-Li3' 36.52(13) 
O3'-Ce1'-Li3' 152.16(13) O5'-Ce1'-Li3' 86.47(14) O6'-Ce1'-Li3' 36.21(14) 
O4'-Ce1'-Li3' 124.53(13) N1'-Ce1'-Li3' 91.16(15) Li2'-Ce1'-Li3' 109.92(19) 
O2'-Ce1'-Li1' 34.14(13) O1'-Ce1'-Li1' 95.43(14) O3'-Ce1'-Li1' 34.99(13) 
O5'-Ce1'-Li1' 106.10(14) O6'-Ce1'-Li1' 167.63(14) O4'-Ce1'-Li1' 103.81(13) 
N1'-Ce1'-Li1' 100.40(15) Li2'-Ce1'-Li1' 106.8(2) Li3'-Ce1'-Li1' 131.50(17) 
C1'-O1'-Li3' 133.3(3) C1'-O1'-Ce1' 125.9(2) Li3'-O1'-Ce1' 99.8(2) 
C20'-O2'-Li1' 129.7(3) C20'-O2'-Ce1' 126.2(2) Li1'-O2'-Ce1' 104.0(2) 
C21'-O3'-Li1' 127.1(3) C21'-O3'-Ce1' 130.5(2) Li1'-O3'-Ce1' 101.9(2) 
C40'-O4'-Li2' 125.5(3) C40'-O4'-Ce1' 121.4(2) Li2'-O4'-Ce1' 96.5(3) 
C41'-O5'-Li2' 118.1(3) C41'-O5'-Ce1' 127.2(2) Li2'-O5'-Ce1' 96.8(3) 
C60'-O6'-Li3' 138.6(3) C60'-O6'-Ce1' 117.4(2) Li3'-O6'-Ce1' 99.0(2) 
C81'-N1'-Ce1' 154.0(3) O1'-C1'-C10' 123.4(3) O1'-C1'-C2' 116.7(3) 
C10'-C1'-C2' 119.9(3) C3'-C2'-C1' 121.7(4) C2'-C3'-C4' 119.9(4) 
C3'-C4'-C9' 119.3(4) C3'-C4'-C5' 121.1(4) C9'-C4'-C5' 119.6(4) 
C6'-C5'-C4' 120.8(5) C5'-C6'-C7' 120.2(4) C8'-C7'-C6' 120.6(5) 
C7'-C8'-C9' 120.5(5) C4'-C9'-C8' 118.2(4) C4'-C9'-C10' 120.8(4) 
C8'-C9'-C10' 120.9(4) C1'-C10'-C9' 118.1(3) C1'-C10'-C11' 120.0(3) 
C9'-C10'-C11' 121.8(3) C20'-C11'-C12' 118.4(3) C20'-C11'-C10' 120.0(3) 
C12'-C11'-C10' 121.6(3) C17'-C12'-C13' 118.0(4) C17'-C12'-C11' 119.3(3) 
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C13'-C12'-C11' 122.7(4) C14'-C13'-C12' 121.4(4) C13'-C14'-C15' 120.5(4) 
C16'-C15'-C14' 119.5(4) C15'-C16'-C17' 121.5(4) C18'-C17'-C12' 119.4(4) 
C18'-C17'-C16' 121.5(4) C12'-C17'-C16' 119.1(4) C19'-C18'-C17' 121.2(4) 
C18'-C19'-C20' 120.2(4) O2'-C20'-C11' 120.8(3) O2'-C20'-C19' 117.8(3) 
C11'-C20'-C19' 121.4(3) O3'-C21'-C30' 121.5(3) O3'-C21'-C22' 118.0(3) 
C30'-C21'-C22' 120.5(3) C23'-C22'-C21' 121.3(3) C22'-C23'-C24' 120.1(3) 
C23'-C24'-C29' 119.9(3) C23'-C24'-C25' 121.5(3) C29'-C24'-C25' 118.6(3) 
C26'-C25'-C24' 121.6(4) C25'-C26'-C27' 119.3(4) C28'-C27'-C26' 121.2(4) 
C27'-C28'-C29' 121.2(4) C28'-C29'-C24' 117.9(3) C28'-C29'-C30' 123.0(3) 
C24'-C29'-C30' 119.1(3) C21'-C30'-C29' 118.8(3) C21'-C30'-C31' 121.3(3) 
C29'-C30'-C31' 119.9(3) C40'-C31'-C32' 119.0(3) C40'-C31'-C30' 119.4(3) 
C32'-C31'-C30' 121.6(3) C33'-C32'-C37' 118.1(3) C33'-C32'-C31' 121.9(3) 
C37'-C32'-C31' 119.9(3) C34'-C33'-C32' 120.8(4) C33'-C34'-C35' 120.8(4) 
C36'-C35'-C34' 119.9(4) C35'-C36'-C37' 121.4(4) C38'-C37'-C36' 122.4(4) 
C38'-C37'-C32' 118.5(4) C36'-C37'-C32' 119.0(4) C39'-C38'-C37' 121.1(4) 
C38'-C39'-C40' 121.0(4) O4'-C40'-C31' 121.8(3) O4'-C40'-C39' 118.0(3) 
C31'-C40'-C39' 120.2(3) O5'-C41'-C50' 122.1(3) O5'-C41'-C42' 117.6(3) 
C50'-C41'-C42' 120.3(3) O5'-C41'-Li2' 36.7(2) C50'-C41'-Li2' 96.1(3) 
C42'-C41'-Li2' 133.8(3) C43'-C42'-C41' 120.6(4) C42'-C43'-C44' 121.0(4) 
C43'-C44'-C45' 121.6(4) C43'-C44'-C49' 118.9(3) C45'-C44'-C49' 119.4(4) 
C46'-C45'-C44' 120.7(5) C45'-C46'-C47' 120.3(4) C48'-C47'-C46' 120.3(5) 
C47'-C48'-C49' 122.2(5) C48'-C49'-C50' 123.2(4) C48'-C49'-C44' 117.1(4) 
C50'-C49'-C44' 119.7(4) C41'-C50'-C49' 119.2(3) C41'-C50'-C51' 119.6(3) 
C49'-C50'-C51' 121.1(3) C60'-C51'-C52' 120.2(3) C60'-C51'-C50' 119.5(3) 
C52'-C51'-C50' 120.3(3) C53'-C52'-C57' 118.1(3) C53'-C52'-C51' 123.0(4) 
C57'-C52'-C51' 118.9(3) C54'-C53'-C52' 120.8(4) C53'-C54'-C55' 121.0(4) 
C56'-C55'-C54' 119.7(4) C55'-C56'-C57' 121.1(4) C56'-C57'-C58' 121.2(4) 
C56'-C57'-C52' 119.3(4) C58'-C57'-C52' 119.5(3) C59'-C58'-C57' 120.5(4) 
C58'-C59'-C60' 121.3(4) O6'-C60'-C51' 122.1(3) O6'-C60'-C59' 118.4(3) 
C51'-C60'-C59' 119.5(3) C61'-O7'-C64' 109.0(4) C61'-O7'-Li1' 130.1(3) 
C64'-O7'-Li1' 118.1(3) O7'-C61'-C62' 107.2(4) C63'-C62'-C61' 103.0(4) 
C64'-C63'-C62' 102.4(4) O7'-C64'-C63' 105.8(4) C65'-O8'-C68' 110.8(4) 
C65'-O8'-Li1' 123.1(4) C68'-O8'-Li1' 117.6(4) O8'-C65'-C66' 105.9(4) 
C67'-C66'-C65' 104.9(4) C68'-C67'-C66' 103.7(5) O8'-C68'-C67' 108.6(5) 
C72'-O9'-C69' 110.1(4) C72'-O9'-Li2' 123.9(4) C69'-O9'-Li2' 126.0(4) 
O9'-C69'-C70' 109.2(5) C69'-C70'-C71' 99.0(6) C70'-C71'-C72' 106.9(5) 
O9'-C72'-C71' 102.2(5) C73'-O10'-C76' 109.2(4) C73'-O10'-Li3' 125.8(4) 
C76'-O10'-Li3' 119.9(4) O10'-C73'-C74' 109.0(5) C75'-C74'-C73' 107.1(5) 
C74'-C75'-C76' 105.6(5) O10'-C76'-C75' 106.7(5) C80'-O11'-C77' 111.4(4) 
C80'-O11'-Li3' 123.6(4) C77'-O11'-Li3' 120.0(4) O11'-C77'-C78' 101.2(5) 
C79'-C78'-C77' 106.8(6) C78'-C79'-C80' 101.2(6) O11'-C80'-C79' 108.0(5) 
N1'-C81'-S1' 178.0(4) O2'-Li1'-O3' 84.6(3) O2'-Li1'-O8' 104.8(4) 
O3'-Li1'-O8' 115.1(4) O2'-Li1'-O7' 131.7(4) O3'-Li1'-O7' 111.9(4) 
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O8'-Li1'-O7' 107.5(3) O2'-Li1'-Ce1' 41.87(14) O3'-Li1'-Ce1' 43.13(15) 
O8'-Li1'-Ce1' 121.6(3) O7'-Li1'-Ce1' 130.6(3) O9'-Li2'-O4' 138.9(5) 
O9'-Li2'-O5' 127.3(5) O4'-Li2'-O5' 93.8(3) O9'-Li2'-C41' 108.3(4) 
O4'-Li2'-C41' 111.2(3) O5'-Li2'-C41' 25.24(16) O9'-Li2'-Ce1' 172.8(4) 
O4'-Li2'-Ce1' 47.22(18) O5'-Li2'-Ce1' 46.70(18) C41'-Li2'-Ce1' 67.26(17) 
O6'-Li3'-O10' 126.8(4) O6'-Li3'-O11' 110.6(3) O10'-Li3'-O11' 98.5(3) 
O6'-Li3'-O1' 88.2(3) O10'-Li3'-O1' 122.6(4) O11'-Li3'-O1' 110.1(3) 
O6'-Li3'-Ce1' 44.83(16) O10'-Li3'-Ce1' 146.6(3) O11'-Li3'-Ce1' 114.8(3) 
O1'-Li3'-Ce1' 43.71(16)     
 
Table 2.4.39. Bond lengths for compound 2.2–N3 (Å). 
Ce1-O1  2.272(3) Ce1-O2  2.283(3) Ce1-O3  2.286(2) 
Ce1-O6  2.319(3) Ce1-O4  2.322(3) Ce1-O5  2.349(3) 
Ce1-N1  2.360(4) Ce1-Li2  3.164(7) Ce1-Li3  3.275(8) 
Ce1-Li1  3.296(7) O1-C1  1.346(5) O1-Li3  1.956(8) 
O2-C20  1.354(5) O2-Li1  1.915(8) O3-C21  1.343(5) 
O3-Li1  1.903(7) O4-C40  1.341(5) O4-Li2  1.849(9) 
O5-C41  1.331(5) O5-Li2  1.899(9) O6-C60  1.335(5) 
O6-Li3  1.964(9) N1-N2  1.183(5) N2-N3  1.143(6) 
C1-C2  1.403(6) C1-C10  1.400(6) C2-C3  1.368(7) 
C3-C4  1.402(7) C4-C5  1.410(7) C4-C9  1.409(7) 
C5-C7  1.343(8) C6-C8  1.380(7) C6-C7  1.396(9) 
C8-C9  1.433(6) C9-C10  1.433(6) C10-C11  1.474(6) 
C11-C20  1.387(7) C11-C12  1.425(5) C12-C13  1.398(6) 
C12-C17  1.447(7) C13-C14  1.370(6) C14-C15  1.389(7) 
C15-C16  1.356(7) C16-C17  1.449(6) C17-C18  1.393(7) 
C18-C19  1.360(6) C19-C20  1.424(7) C21-C30  1.397(6) 
C21-C22  1.420(6) C22-C23  1.355(6) C23-C24  1.415(6) 
C24-C25  1.406(6) C24-C29  1.429(6) C25-C26  1.362(7) 
C26-C27  1.404(7) C27-C28  1.353(6) C28-C29  1.420(6) 
C29-C30  1.426(5) C30-C31  1.488(6) C31-C40  1.379(5) 
C31-C32  1.440(5) C32-C33  1.413(5) C32-C37  1.430(6) 
C33-C34  1.367(6) C34-C35  1.406(7) C35-C36  1.367(7) 
C36-C37  1.411(6) C37-C38  1.422(6) C38-C39  1.345(6) 
C39-C40  1.436(6) C41-C42  1.413(6) C41-C50  1.408(5) 
C42-C43  1.361(7) C43-C44  1.411(7) C44-C45  1.399(6) 
C44-C49  1.438(6) C45-C46  1.358(8) C46-C47  1.384(8) 
C47-C48  1.381(6) C48-C49  1.426(6) C49-C50  1.396(6) 
C50-C51  1.485(6) C51-C60  1.381(6) C51-C52  1.425(5) 
C52-C57  1.420(6) C52-C53  1.424(6) C53-C54  1.386(6) 
C54-C55  1.390(7) C55-C56  1.359(7) C56-C57  1.420(6) 
C57-C58  1.399(7) C58-C59  1.361(7) C59-C60  1.417(6) 
O7-C61  1.416(7) O7-C64  1.445(6) O7-Li1  1.939(8) 
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C61-C62  1.496(8) C62-C63  1.456(8) C63-C64  1.477(8) 
O8-C68  1.435(7) O8-C65  1.440(6) O8-Li1  1.923(8) 
C65-C66  1.440(9) C66-C67  1.446(10) C67-C68  1.497(9) 
O9-C72  1.438(5) O9-C69  1.440(5) O9-Li2  1.872(7) 
C69-C70  1.482(6) C70-C71  1.450(6) C71-C72  1.500(6) 
O10-C73  1.440(7) O10-C76  1.447(7) O10-Li3  1.921(9) 
C73-C74  1.481(8) C74-C75  1.457(10) C75-C76  1.473(9) 
O11-C77  1.407(7) O11-C80  1.455(8) O11-Li3  1.940(8) 
C77-C78  1.485(10) C78-C79  1.498(11) C79-C80  1.443(9) 
Ce1'-O1'  2.265(3) Ce1'-O2'  2.265(3) Ce1'-O3'  2.295(2) 
Ce1'-O6'  2.326(3) Ce1'-O5'  2.333(3) Ce1'-O4'  2.335(3) 
Ce1'-N1'  2.345(4) Ce1'-Li2'  3.170(8) Ce1'-Li3'  3.248(7) 
Ce1'-Li1'  3.289(7) O1'-C1'  1.366(5) O1'-Li3'  1.937(8) 
O2'-C20'  1.337(5) O2'-Li1'  1.894(8) O3'-C21'  1.340(4) 
O3'-Li1'  1.940(7) O4'-C40'  1.337(5) O4'-Li2'  1.875(10) 
O5'-C41'  1.345(5) O5'-Li2'  1.910(9) O6'-C60'  1.336(5) 
O6'-Li3'  1.954(8) N1'-N2'  1.189(5) N2'-N3'  1.161(6) 
C1'-C10'  1.397(6) C1'-C2'  1.418(6) C2'-C3'  1.368(7) 
C3'-C4'  1.386(6) C4'-C9'  1.418(6) C4'-C5'  1.417(7) 
C5'-C6'  1.370(8) C6'-C7'  1.369(8) C7'-C8'  1.365(6) 
C8'-C9'  1.421(6) C9'-C10'  1.449(6) C10'-C11'  1.475(6) 
C11'-C20'  1.374(6) C11'-C12'  1.424(6) C12'-C13'  1.419(6) 
C12'-C17'  1.440(6) C13'-C14'  1.360(6) C14'-C15'  1.421(8) 
C15'-C16'  1.350(7) C16'-C17'  1.420(6) C17'-C18'  1.393(6) 
C18'-C19'  1.361(6) C19'-C20'  1.419(6) C21'-C30'  1.384(6) 
C21'-C22'  1.433(6) C22'-C23'  1.357(6) C23'-C24'  1.417(6) 
C24'-C29'  1.407(6) C24'-C25'  1.422(5) C25'-C26'  1.358(6) 
C26'-C27'  1.396(6) C27'-C28'  1.337(6) C28'-C29'  1.430(6) 
C29'-C30'  1.451(5) C30'-C31'  1.485(6) C31'-C40'  1.386(6) 
C31'-C32'  1.427(6) C32'-C37'  1.411(6) C32'-C33'  1.419(6) 
C33'-C34'  1.344(6) C34'-C35'  1.409(7) C35'-C36'  1.351(8) 
C36'-C37'  1.451(7) C37'-C38'  1.419(7) C38'-C39'  1.352(7) 
C39'-C40'  1.420(6) C41'-C50'  1.398(5) C41'-C42'  1.412(6) 
C41'-Li2'  2.794(10) C42'-C43'  1.355(7) C43'-C44'  1.420(7) 
C44'-C49'  1.394(6) C44'-C45'  1.432(7) C45'-C46'  1.351(8) 
C46'-C47'  1.408(8) C47'-C48'  1.368(7) C48'-C49'  1.423(6) 
C49'-C50'  1.437(6) C50'-C51'  1.478(6) C51'-C60'  1.388(6) 
C51'-C52'  1.434(5) C52'-C53'  1.416(6) C52'-C57'  1.418(6) 
C53'-C54'  1.366(6) C54'-C55'  1.403(7) C55'-C56'  1.346(7) 
C56'-C57'  1.418(6) C57'-C58'  1.404(7) C58'-C59'  1.371(6) 
C59'-C60'  1.419(6) O7'-C64'  1.436(5) O7'-C61'  1.463(6) 
O7'-Li1'  1.937(9) C61'-C62'  1.492(7) C62'-C63'  1.522(7) 
C63'-C64'  1.506(7) O8'-C68'  1.416(7) O8'-C65'  1.429(6) 
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O8'-Li1'  1.932(9) C65'-C66'  1.515(8) C66'-C67'  1.509(9) 
C67'-C68'  1.495(8) O9'-C72'  1.428(5) O9'-C69'  1.448(6) 
O9'-Li2'  1.849(9) C69'-C70'  1.481(6) C70'-C71'  1.479(7) 
C71'-C72'  1.518(7) O10'-C73'  1.464(9) O10'-C76'  1.477(8) 
O10'-Li3'  1.913(8) C73'-C74'  1.573(8) C74'-C75'  1.457(8) 
C75'-C76'  1.584(8) O11'-C80'  1.417(8) O11'-C77'  1.431(7) 
O11'-Li3'  1.963(8) C77'-C78'  1.524(10) C78'-C79'  1.464(10) 
C79'-C80'  1.453(9)     
 
Table 2.4.40 Bond angles for compound 2.2–N3 (
o). 
O1-Ce1-O2 76.14(10) O1-Ce1-O3 117.51(10) O2-Ce1-O3 68.60(9) 
O1-Ce1-O6 72.09(11) O2-Ce1-O6 136.98(10) O3-Ce1-O6 153.32(10) 
O1-Ce1-O4 155.80(9) O2-Ce1-O4 127.80(10) O3-Ce1-O4 74.79(9) 
O6-Ce1-O4 88.23(11) O1-Ce1-O5 89.27(10) O2-Ce1-O5 131.94(11) 
O3-Ce1-O5 79.08(9) O6-Ce1-O5 76.13(10) O4-Ce1-O5 72.03(9) 
O1-Ce1-N1 107.85(13) O2-Ce1-N1 80.03(13) O3-Ce1-N1 114.35(12) 
O6-Ce1-N1 82.89(13) O4-Ce1-N1 82.72(12) O5-Ce1-N1 147.36(11) 
O1-Ce1-Li2 124.63(18) O2-Ce1-Li2 141.58(16) O3-Ce1-Li2 72.99(16) 
O6-Ce1-Li2 81.22(17) O4-Ce1-Li2 35.37(19) O5-Ce1-Li2 36.67(19) 
N1-Ce1-Li2 115.9(2) O1-Ce1-Li3 35.86(16) O2-Ce1-Li3 106.78(15) 
O3-Ce1-Li3 147.86(16) O6-Ce1-Li3 36.28(17) O4-Ce1-Li3 123.64(16) 
O5-Ce1-Li3 82.48(15) N1-Ce1-Li3 95.21(17) Li2-Ce1-Li3 106.2(2) 
O1-Ce1-Li1 96.93(16) O2-Ce1-Li1 34.46(14) O3-Ce1-Li1 34.17(14) 
O6-Ce1-Li1 168.89(16) O4-Ce1-Li1 102.83(15) O5-Ce1-Li1 106.04(15) 
N1-Ce1-Li1 99.38(17) Li2-Ce1-Li1 107.16(19) Li3-Ce1-Li1 132.7(2) 
C1-O1-Li3 129.6(3) C1-O1-Ce1 128.1(2) Li3-O1-Ce1 101.3(3) 
C20-O2-Li1 133.8(3) C20-O2-Ce1 123.0(2) Li1-O2-Ce1 103.1(2) 
C21-O3-Li1 127.5(3) C21-O3-Ce1 128.5(2) Li1-O3-Ce1 103.4(2) 
C40-O4-Li2 122.8(4) C40-O4-Ce1 121.0(2) Li2-O4-Ce1 98.0(3) 
C41-O5-Li2 119.4(3) C41-O5-Ce1 128.0(2) Li2-O5-Ce1 95.7(3) 
C60-O6-Li3 132.7(3) C60-O6-Ce1 120.0(2) Li3-O6-Ce1 99.4(3) 
N2-N1-Ce1 141.1(3) N3-N2-N1 179.0(5) O1-C1-C2 118.2(4) 
O1-C1-C10 122.3(4) C2-C1-C10 119.5(4) C3-C2-C1 122.4(4) 
C2-C3-C4 120.0(4) C3-C4-C5 120.4(5) C3-C4-C9 118.7(4) 
C5-C4-C9 120.9(5) C7-C5-C4 120.2(6) C8-C6-C7 120.2(6) 
C5-C7-C6 121.1(6) C6-C8-C9 120.5(5) C4-C9-C10 121.3(4) 
C4-C9-C8 117.0(4) C10-C9-C8 121.6(4) C1-C10-C9 117.9(4) 
C1-C10-C11 121.0(4) C9-C10-C11 121.1(4) C20-C11-C12 119.1(4) 
C20-C11-C10 119.6(4) C12-C11-C10 121.3(4) C13-C12-C11 123.7(4) 
C13-C12-C17 117.7(4) C11-C12-C17 118.5(4) C14-C13-C12 121.4(5) 
C13-C14-C15 121.4(5) C16-C15-C14 120.8(4) C15-C16-C17 119.8(5) 
C18-C17-C12 120.1(4) C18-C17-C16 121.1(4) C12-C17-C16 118.8(4) 
C19-C18-C17 120.7(5) C18-C19-C20 120.4(5) O2-C20-C11 121.9(5) 
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O2-C20-C19 117.1(5) C11-C20-C19 120.9(4) O3-C21-C30 122.3(4) 
O3-C21-C22 117.4(4) C30-C21-C22 120.2(4) C23-C22-C21 121.5(4) 
C22-C23-C24 120.6(4) C25-C24-C23 121.4(4) C25-C24-C29 120.0(4) 
C23-C24-C29 118.6(4) C26-C25-C24 121.1(4) C25-C26-C27 119.7(4) 
C28-C27-C26 120.4(4) C27-C28-C29 122.5(4) C28-C29-C30 123.0(4) 
C28-C29-C24 116.4(4) C30-C29-C24 120.6(4) C21-C30-C29 118.4(4) 
C21-C30-C31 119.4(3) C29-C30-C31 122.2(4) C40-C31-C32 119.8(4) 
C40-C31-C30 119.3(4) C32-C31-C30 120.8(3) C33-C32-C37 117.5(4) 
C33-C32-C31 123.2(4) C37-C32-C31 119.3(3) C34-C33-C32 121.5(4) 
C33-C34-C35 120.8(4) C36-C35-C34 119.4(4) C35-C36-C37 121.3(5) 
C36-C37-C38 122.3(4) C36-C37-C32 119.5(4) C38-C37-C32 118.0(4) 
C39-C38-C37 122.4(4) C38-C39-C40 120.2(4) O4-C40-C31 122.3(4) 
O4-C40-C39 117.6(4) C31-C40-C39 120.2(4) O5-C41-C42 118.2(4) 
O5-C41-C50 122.1(4) C42-C41-C50 119.6(4) C43-C42-C41 120.4(4) 
C42-C43-C44 122.0(4) C45-C44-C43 122.5(4) C45-C44-C49 120.1(5) 
C43-C44-C49 117.4(4) C46-C45-C44 121.2(5) C45-C46-C47 119.9(5) 
C46-C47-C48 121.7(5) C47-C48-C49 120.2(5) C50-C49-C48 122.3(4) 
C50-C49-C44 120.7(4) C48-C49-C44 116.9(4) C49-C50-C41 119.5(4) 
C49-C50-C51 121.8(4) C41-C50-C51 118.7(4) C60-C51-C52 119.1(4) 
C60-C51-C50 120.6(4) C52-C51-C50 120.3(4) C57-C52-C53 117.6(4) 
C57-C52-C51 120.1(4) C53-C52-C51 122.3(4) C54-C53-C52 121.0(4) 
C53-C54-C55 120.4(5) C56-C55-C54 120.2(4) C55-C56-C57 121.3(5) 
C58-C57-C52 118.4(4) C58-C57-C56 122.2(4) C52-C57-C56 119.4(4) 
C59-C58-C57 121.7(4) C58-C59-C60 120.1(4) O6-C60-C51 121.1(4) 
O6-C60-C59 118.4(4) C51-C60-C59 120.5(4) C61-O7-C64 107.9(4) 
C61-O7-Li1 125.2(4) C64-O7-Li1 124.3(4) O7-C61-C62 107.0(5) 
C63-C62-C61 105.0(5) C62-C63-C64 103.3(5) O7-C64-C63 105.4(4) 
C68-O8-C65 108.5(5) C68-O8-Li1 123.1(4) C65-O8-Li1 119.0(4) 
C66-C65-O8 107.4(6) C65-C66-C67 106.1(6) C66-C67-C68 104.6(6) 
O8-C68-C67 105.4(6) C72-O9-C69 110.2(3) C72-O9-Li2 124.1(4) 
C69-O9-Li2 125.7(4) O9-C69-C70 106.7(4) C71-C70-C69 106.9(5) 
C70-C71-C72 106.6(4) O9-C72-C71 106.0(4) C73-O10-C76 107.8(4) 
C73-O10-Li3 130.7(4) C76-O10-Li3 118.7(4) O10-C73-C74 108.5(6) 
C75-C74-C73 103.5(6) C74-C75-C76 107.4(6) O10-C76-C75 106.2(6) 
C77-O11-C80 107.8(5) C77-O11-Li3 120.8(4) C80-O11-Li3 124.0(5) 
O11-C77-C78 106.8(7) C77-C78-C79 104.4(6) C80-C79-C78 102.4(6) 
C79-C80-O11 108.2(7) O3-Li1-O2 84.8(3) O3-Li1-O8 117.3(4) 
O2-Li1-O8 113.9(4) O3-Li1-O7 115.4(4) O2-Li1-O7 126.6(4) 
O8-Li1-O7 100.0(3) O3-Li1-Ce1 42.43(16) O2-Li1-Ce1 42.42(16) 
O8-Li1-Ce1 127.3(4) O7-Li1-Ce1 132.4(4) O4-Li2-O9 135.8(6) 
O4-Li2-O5 94.2(3) O9-Li2-O5 129.9(5) O4-Li2-Ce1 46.61(18) 
O9-Li2-Ce1 177.3(5) O5-Li2-Ce1 47.64(18) O10-Li3-O11 97.8(4) 
O10-Li3-O1 120.2(5) O11-Li3-O1 110.1(4) O10-Li3-O6 136.7(4) 
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O11-Li3-O6 103.3(4) O1-Li3-O6 87.1(3) O10-Li3-Ce1 149.7(4) 
O11-Li3-Ce1 111.5(3) O1-Li3-Ce1 42.86(18) O6-Li3-Ce1 44.31(17) 
O1'-Ce1'-O2' 75.14(10) O1'-Ce1'-O3' 118.77(10) O2'-Ce1'-O3' 68.92(9) 
O1'-Ce1'-O6' 72.34(11) O2'-Ce1'-O6' 136.25(9) O3'-Ce1'-O6' 154.10(10) 
O1'-Ce1'-O5' 89.09(11) O2'-Ce1'-O5' 130.48(11) O3'-Ce1'-O5' 79.34(10) 
O6'-Ce1'-O5' 77.48(11) O1'-Ce1'-O4' 156.00(10) O2'-Ce1'-O4' 128.57(10) 
O3'-Ce1'-O4' 73.77(9) O6'-Ce1'-O4' 88.33(10) O5'-Ce1'-O4' 72.56(10) 
O1'-Ce1'-N1' 107.13(13) O2'-Ce1'-N1' 79.59(13) O3'-Ce1'-N1' 112.76(12) 
O6'-Ce1'-N1' 82.86(13) O5'-Ce1'-N1' 149.36(12) O4'-Ce1'-N1' 83.69(12) 
O1'-Ce1'-Li2' 125.06(19) O2'-Ce1'-Li2' 139.50(18) O3'-Ce1'-Li2' 70.62(18) 
O6'-Ce1'-Li2' 83.87(18) O5'-Ce1'-Li2' 36.80(19) O4'-Ce1'-Li2' 35.93(19) 
N1'-Ce1'-Li2' 118.3(2) O1'-Ce1'-Li3' 35.84(16) O2'-Ce1'-Li3' 105.84(15) 
O3'-Ce1'-Li3' 149.44(16) O6'-Ce1'-Li3' 36.54(17) O5'-Ce1'-Li3' 83.01(15) 
O4'-Ce1'-Li3' 123.91(15) N1'-Ce1'-Li3' 95.01(18) Li2'-Ce1'-Li3' 108.0(2) 
O1'-Ce1'-Li1' 94.78(16) O2'-Ce1'-Li1' 33.94(14) O3'-Ce1'-Li1' 35.29(14) 
O6'-Ce1'-Li1' 167.00(16) O5'-Ce1'-Li1' 104.63(15) O4'-Ce1'-Li1' 104.59(15) 
N1'-Ce1'-Li1' 99.81(17) Li2'-Ce1'-Li1' 105.6(2) Li3'-Ce1'-Li1' 130.5(2) 
C1'-O1'-Li3' 130.5(3) C1'-O1'-Ce1' 126.5(2) Li3'-O1'-Ce1' 101.0(3) 
C20'-O2'-Li1' 129.9(3) C20'-O2'-Ce1' 125.7(2) Li1'-O2'-Ce1' 104.2(2) 
C21'-O3'-Li1' 125.3(3) C21'-O3'-Ce1' 132.6(2) Li1'-O3'-Ce1' 101.6(3) 
C40'-O4'-Li2' 125.3(4) C40'-O4'-Ce1' 121.0(2) Li2'-O4'-Ce1' 97.1(3) 
C41'-O5'-Li2' 117.2(4) C41'-O5'-Ce1' 128.7(3) Li2'-O5'-Ce1' 96.2(3) 
C60'-O6'-Li3' 137.5(4) C60'-O6'-Ce1' 115.9(2) Li3'-O6'-Ce1' 98.3(3) 
N2'-N1'-Ce1' 144.8(3) N3'-N2'-N1' 178.5(6) O1'-C1'-C10' 121.7(4) 
O1'-C1'-C2' 117.6(4) C10'-C1'-C2' 120.7(4) C3'-C2'-C1' 121.0(4) 
C2'-C3'-C4' 120.9(5) C3'-C4'-C9' 119.4(4) C3'-C4'-C5' 121.6(5) 
C9'-C4'-C5' 118.9(4) C6'-C5'-C4' 121.2(6) C7'-C6'-C5' 119.4(6) 
C6'-C7'-C8' 122.3(5) C7'-C8'-C9' 120.2(5) C4'-C9'-C8' 118.1(4) 
C4'-C9'-C10' 120.5(4) C8'-C9'-C10' 121.3(4) C1'-C10'-C9' 117.1(4) 
C1'-C10'-C11' 121.7(4) C9'-C10'-C11' 121.1(4) C20'-C11'-C12' 120.0(4) 
C20'-C11'-C10' 118.5(4) C12'-C11'-C10' 121.5(4) C13'-C12'-C11' 123.8(4) 
C13'-C12'-C17' 117.3(4) C11'-C12'-C17' 118.9(4) C14'-C13'-C12' 122.3(5) 
C13'-C14'-C15' 120.5(5) C16'-C15'-C14' 118.7(4) C15'-C16'-C17' 123.2(5) 
C18'-C17'-C16' 122.6(4) C18'-C17'-C12' 119.4(4) C16'-C17'-C12' 118.1(4) 
C19'-C18'-C17' 120.3(4) C18'-C19'-C20' 121.6(4) O2'-C20'-C11' 122.4(4) 
O2'-C20'-C19' 118.0(4) C11'-C20'-C19' 119.6(4) O3'-C21'-C30' 122.3(4) 
O3'-C21'-C22' 117.3(3) C30'-C21'-C22' 120.4(4) C23'-C22'-C21' 120.8(4) 
C22'-C23'-C24' 120.8(4) C29'-C24'-C23' 119.0(4) C29'-C24'-C25' 119.1(4) 
C23'-C24'-C25' 121.8(4) C26'-C25'-C24' 121.3(4) C25'-C26'-C27' 119.5(4) 
C28'-C27'-C26' 120.6(4) C27'-C28'-C29' 122.5(4) C24'-C29'-C28' 116.6(4) 
C24'-C29'-C30' 120.3(4) C28'-C29'-C30' 123.0(4) C21'-C30'-C29' 118.2(4) 
C21'-C30'-C31' 121.4(4) C29'-C30'-C31' 120.4(4) C40'-C31'-C32' 119.9(4) 
C40'-C31'-C30' 118.8(4) C32'-C31'-C30' 121.3(4) C37'-C32'-C33' 117.3(4) 
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C37'-C32'-C31' 119.1(4) C33'-C32'-C31' 123.4(4) C34'-C33'-C32' 122.3(5) 
C33'-C34'-C35' 120.8(5) C36'-C35'-C34' 119.8(5) C35'-C36'-C37' 120.5(5) 
C32'-C37'-C38' 119.8(4) C32'-C37'-C36' 119.2(4) C38'-C37'-C36' 121.0(4) 
C39'-C38'-C37' 120.0(4) C38'-C39'-C40' 121.6(4) O4'-C40'-C31' 122.2(4) 
O4'-C40'-C39' 118.3(4) C31'-C40'-C39' 119.5(4) O5'-C41'-C50' 121.3(4) 
O5'-C41'-C42' 119.2(4) C50'-C41'-C42' 119.6(4) O5'-C41'-Li2' 37.4(3) 
C50'-C41'-Li2' 96.1(3) C42'-C41'-Li2' 133.9(4) C43'-C42'-C41' 121.8(4) 
C42'-C43'-C44' 119.8(5) C49'-C44'-C43' 119.8(4) C49'-C44'-C45' 120.2(5) 
C43'-C44'-C45' 119.9(5) C46'-C45'-C44' 120.1(5) C45'-C46'-C47' 120.5(5) 
C48'-C47'-C46' 120.2(5) C47'-C48'-C49' 121.0(5) C44'-C49'-C48' 118.0(4) 
C44'-C49'-C50' 120.0(4) C48'-C49'-C50' 121.9(4) C41'-C50'-C49' 118.6(4) 
C41'-C50'-C51' 120.6(4) C49'-C50'-C51' 120.7(4) C60'-C51'-C52' 119.6(4) 
C60'-C51'-C50' 119.1(4) C52'-C51'-C50' 121.2(4) C53'-C52'-C57' 118.5(4) 
C53'-C52'-C51' 122.0(4) C57'-C52'-C51' 119.5(4) C54'-C53'-C52' 120.4(4) 
C53'-C54'-C55' 120.7(5) C56'-C55'-C54' 120.3(4) C55'-C56'-C57' 121.1(5) 
C58'-C57'-C56' 121.7(4) C58'-C57'-C52' 119.3(4) C56'-C57'-C52' 118.9(4) 
C59'-C58'-C57' 120.8(4) C58'-C59'-C60' 120.9(4) O6'-C60'-C51' 122.1(4) 
O6'-C60'-C59' 118.0(4) C51'-C60'-C59' 119.8(4) C64'-O7'-C61' 108.8(3) 
C64'-O7'-Li1' 117.3(4) C61'-O7'-Li1' 132.0(4) O7'-C61'-C62' 106.1(4) 
C61'-C62'-C63' 104.7(4) C64'-C63'-C62' 101.3(4) O7'-C64'-C63' 105.7(4) 
C68'-O8'-C65' 109.9(4) C68'-O8'-Li1' 116.1(4) C65'-O8'-Li1' 120.6(4) 
O8'-C65'-C66' 106.5(4) C67'-C66'-C65' 104.7(5) C68'-C67'-C66' 102.6(5) 
O8'-C68'-C67' 107.9(5) C72'-O9'-C69' 110.8(4) C72'-O9'-Li2' 122.8(4) 
C69'-O9'-Li2' 126.3(4) O9'-C69'-C70' 106.1(5) C71'-C70'-C69' 105.1(5) 
C70'-C71'-C72' 105.0(5) O9'-C72'-C71' 105.2(5) C73'-O10'-C76' 101.6(6) 
C73'-O10'-Li3' 129.7(5) C76'-O10'-Li3' 117.2(5) O10'-C73'-C74' 116.0(7) 
C75'-C74'-C73' 100.7(8) C74'-C75'-C76' 107.9(8) O10'-C76'-C75' 109.0(7) 
C80'-O11'-C77' 111.0(5) C80'-O11'-Li3' 123.6(4) C77'-O11'-Li3' 117.7(4) 
O11'-C77'-C78' 101.9(6) C79'-C78'-C77' 105.1(6) C80'-C79'-C78' 103.7(6) 
O11'-C80'-C79' 107.6(6) O2'-Li1'-O7' 133.0(5) O2'-Li1'-O3' 84.6(3) 
O7'-Li1'-O3' 113.7(4) O2'-Li1'-O8' 105.5(4) O7'-Li1'-O8' 106.2(4) 
O3'-Li1'-O8' 112.2(4) O2'-Li1'-Ce1' 41.89(17) O7'-Li1'-Ce1' 132.9(4) 
O3'-Li1'-Ce1' 43.11(17) O8'-Li1'-Ce1' 120.3(3) O9'-Li2'-O4' 139.9(5) 
O9'-Li2'-O5' 126.4(5) O4'-Li2'-O5' 93.7(4) O9'-Li2'-C41' 107.1(4) 
O4'-Li2'-C41' 111.0(4) O5'-Li2'-C41' 25.35(18) O9'-Li2'-Ce1' 172.2(5) 
O4'-Li2'-Ce1' 46.97(19) O5'-Li2'-Ce1' 47.0(2) C41'-Li2'-Ce1' 67.84(19) 
O10'-Li3'-O1' 120.6(5) O10'-Li3'-O6' 130.2(4) O1'-Li3'-O6' 88.3(3) 
O10'-Li3'-O11' 101.4(4) O1'-Li3'-O11' 108.6(4) O6'-Li3'-O11' 106.4(4) 
O10'-Li3'-Ce1' 145.0(4) O1'-Li3'-Ce1' 43.20(17) O6'-Li3'-Ce1' 45.13(17) 
O11'-Li3'-Ce1' 113.1(3)     
 
Table 2.4.41. Bond lengths for compound 2.2–OAr (Å). 
Ce1-O7  2.191(4) Ce1-O4  2.294(3) Ce1-O1  2.302(3) 
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Ce1-O3  2.312(3) Ce1-O2  2.319(3) Ce1-O6  2.327(3) 
Ce1-O5  2.358(2) Ce1-Li2  3.237(8) Ce1-Li1  3.272(8) 
Ce1-Li3  3.308(7) O1-C1  1.339(5) O1-Li3  1.939(9) 
O2-C20  1.332(5) O2-Li1  1.873(9) O3-C21  1.349(5) 
O3-Li1  1.874(9) O4-C40  1.339(5) O4-Li2  1.903(9) 
O5-C41  1.357(5) O5-Li2  1.859(9) O6-C60  1.352(5) 
O6-Li3  1.915(8) O7-C61  1.203(6) O8-C74  1.349(8) 
O8-C73  1.404(7) O8-Li1  1.994(9) O9-C76  1.421(7) 
O9-C75  1.440(7) O9-Li1  1.931(9) O10-C78  1.396(8) 
O10-C77  1.407(9) O10-Li2  1.971(10) O11-C80  1.373(8) 
O11-C79  1.406(7) O11-Li2  2.012(9) O12-C82  1.360(8) 
O12-C81  1.403(7) O12-Li3  2.020(8) O13-C84  1.410(7) 
O13-C83  1.413(6) O13-Li3  2.053(9) C1-C10  1.404(6) 
C1-C2  1.417(6) C2-C3  1.354(7) C3-C4  1.409(7) 
C4-C9  1.422(7) C4-C5  1.428(7) C5-C6  1.351(8) 
C6-C7  1.400(8) C7-C8  1.360(7) C8-C9  1.419(7) 
C9-C10  1.436(6) C10-C11  1.485(6) C11-C20  1.396(7) 
C11-C12  1.429(6) C12-C13  1.403(7) C12-C17  1.432(7) 
C13-C14  1.365(8) C14-C15  1.433(9) C15-C16  1.307(9) 
C16-C17  1.411(8) C17-C18  1.394(7) C18-C19  1.344(8) 
C19-C20  1.428(7) C21-C30  1.383(6) C21-C22  1.426(7) 
C22-C23  1.344(7) C23-C24  1.408(7) C24-C29  1.412(6) 
C24-C25  1.429(7) C25-C26  1.348(8) C26-C27  1.391(8) 
C27-C28  1.373(7) C28-C29  1.418(6) C29-C30  1.446(6) 
C30-C31  1.485(6) C31-C40  1.389(6) C31-C32  1.441(6) 
C32-C37  1.415(6) C32-C33  1.431(6) C33-C34  1.354(6) 
C34-C35  1.401(8) C35-C36  1.354(7) C36-C37  1.408(6) 
C37-C38  1.407(6) C38-C39  1.357(6) C39-C40  1.428(6) 
C41-C50  1.380(6) C41-C42  1.410(7) C42-C43  1.378(7) 
C43-C44  1.399(8) C44-C49  1.411(7) C44-C45  1.436(7) 
C45-C46  1.358(8) C46-C47  1.388(9) C47-C48  1.367(7) 
C48-C49  1.408(7) C49-C50  1.435(7) C50-C51  1.488(6) 
C51-C60  1.388(6) C51-C52  1.440(6) C52-C53  1.410(7) 
C52-C57  1.427(7) C53-C54  1.362(7) C54-C55  1.403(8) 
C55-C56  1.367(8) C56-C57  1.415(6) C57-C58  1.412(7) 
C58-C59  1.365(6) C59-C60  1.420(6) C61-C72  1.404(8) 
C61-C62  1.447(8) C62-C63  1.407(7) C63-C64  1.394(8) 
C64-C71  1.370(8) C64-C65  1.467(8) C65-C66  1.363(11) 
C65-C70  1.386(10) C66-C67  1.413(10) C67-C68  1.417(14) 
C68-C69  1.371(16) C69-C70  1.379(11) C71-C72  1.397(8) 
C74-C75  1.516(10) C74-Li1  2.766(10) C78-C79  1.465(11) 
C79-Li2  2.746(10) C82-C83  1.435(9) O14-C86  1.345(9) 
O14-C85  1.423(12) O15-C87  1.390(9) O15-C88  1.469(10) 
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C86-C87  1.515(11) O16-C92  1.340(14) O16-C91  1.441(13) 
O17-C89  1.392(13) O17-C90  1.446(13) O17-C91  1.911(16) 
C90-C91  1.292(14)     
 
Table 2.4.42 Bond angles for compound 2.2–OAr (o). 
O7-Ce1-O4 122.82(11) O7-Ce1-O1 83.38(11) O4-Ce1-O1 153.03(10) 
O7-Ce1-O3 80.91(11) O4-Ce1-O3 75.07(10) O1-Ce1-O3 119.45(10) 
O7-Ce1-O2 124.81(11) O4-Ce1-O2 92.24(10) O1-Ce1-O2 75.00(10) 
O3-Ce1-O2 67.82(11) O7-Ce1-O6 134.27(11) O4-Ce1-O6 85.84(10) 
O1-Ce1-O6 69.40(9) O3-Ce1-O6 144.43(10) O2-Ce1-O6 83.55(10) 
O7-Ce1-O5 81.65(11) O4-Ce1-O5 69.61(10) O1-Ce1-O5 112.54(9) 
O3-Ce1-O5 122.18(10) O2-Ce1-O5 153.54(9) O6-Ce1-O5 76.28(10) 
O7-Ce1-Li2 101.73(18) O4-Ce1-Li2 35.30(16) O1-Ce1-Li2 142.37(16) 
O3-Ce1-Li2 98.12(17) O2-Ce1-Li2 126.07(17) O6-Ce1-Li2 81.58(18) 
O5-Ce1-Li2 34.48(16) O7-Ce1-Li1 102.10(18) O4-Ce1-Li1 85.41(18) 
O1-Ce1-Li1 95.80(17) O3-Ce1-Li1 34.03(18) O2-Ce1-Li1 34.05(18) 
O6-Ce1-Li1 116.21(18) O5-Ce1-Li1 151.66(18) Li2-Ce1-Li1 118.8(2) 
O7-Ce1-Li3 110.06(16) O4-Ce1-Li3 119.91(16) O1-Ce1-Li3 34.96(16) 
O3-Ce1-Li3 143.84(18) O2-Ce1-Li3 78.34(18) O6-Ce1-Li3 34.48(16) 
O5-Ce1-Li3 93.83(18) Li2-Ce1-Li3 112.3(2) Li1-Ce1-Li3 110.6(2) 
C1-O1-Li3 125.0(4) C1-O1-Ce1 121.2(2) Li3-O1-Ce1 102.2(3) 
C20-O2-Li1 130.5(4) C20-O2-Ce1 126.8(2) Li1-O2-Ce1 102.1(3) 
C21-O3-Li1 131.7(4) C21-O3-Ce1 122.5(2) Li1-O3-Ce1 102.3(3) 
C40-O4-Li2 129.5(3) C40-O4-Ce1 129.1(2) Li2-O4-Ce1 100.5(3) 
C41-O5-Li2 137.6(4) C41-O5-Ce1 115.6(2) Li2-O5-Ce1 99.6(3) 
C60-O6-Li3 122.8(4) C60-O6-Ce1 130.0(3) Li3-O6-Ce1 102.1(3) 
C61-O7-Ce1 159.0(4) C74-O8-C73 113.0(6) C74-O8-Li1 110.2(5) 
C73-O8-Li1 125.3(5) C76-O9-C75 113.8(5) C76-O9-Li1 125.9(4) 
C75-O9-Li1 111.7(5) C78-O10-C77 114.8(6) C78-O10-Li2 113.5(5) 
C77-O10-Li2 126.5(5) C80-O11-C79 111.9(5) C80-O11-Li2 121.7(5) 
C79-O11-Li2 105.5(5) C82-O12-C81 118.2(5) C82-O12-Li3 114.3(4) 
C81-O12-Li3 122.7(4) C84-O13-C83 115.3(4) C84-O13-Li3 130.0(4) 
C83-O13-Li3 111.0(4) O1-C1-C10 120.8(4) O1-C1-C2 119.3(4) 
C10-C1-C2 119.9(4) C3-C2-C1 120.8(5) C2-C3-C4 121.8(5) 
C3-C4-C9 118.7(4) C3-C4-C5 122.5(5) C9-C4-C5 118.8(5) 
C6-C5-C4 121.1(5) C5-C6-C7 119.6(5) C8-C7-C6 121.9(5) 
C7-C8-C9 120.1(5) C8-C9-C4 118.4(4) C8-C9-C10 121.8(4) 
C4-C9-C10 119.7(4) C1-C10-C9 119.0(4) C1-C10-C11 119.4(4) 
C9-C10-C11 121.4(4) C20-C11-C12 118.2(4) C20-C11-C10 119.6(4) 
C12-C11-C10 122.2(4) C13-C12-C11 121.6(5) C13-C12-C17 118.3(5) 
C11-C12-C17 120.0(4) C14-C13-C12 120.8(5) C13-C14-C15 119.2(6) 
C16-C15-C14 121.6(6) C15-C16-C17 120.9(6) C18-C17-C16 121.9(5) 
C18-C17-C12 118.9(5) C16-C17-C12 119.1(5) C19-C18-C17 121.4(5) 
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C18-C19-C20 121.1(5) O2-C20-C11 122.5(4) O2-C20-C19 117.5(4) 
C11-C20-C19 119.9(5) O3-C21-C30 121.3(4) O3-C21-C22 118.6(4) 
C30-C21-C22 120.2(4) C23-C22-C21 120.9(5) C22-C23-C24 121.4(5) 
C23-C24-C29 118.7(4) C23-C24-C25 123.2(5) C29-C24-C25 118.1(5) 
C26-C25-C24 122.3(5) C25-C26-C27 119.4(5) C28-C27-C26 120.9(5) 
C27-C28-C29 121.0(4) C24-C29-C28 118.2(4) C24-C29-C30 120.1(4) 
C28-C29-C30 121.6(4) C21-C30-C29 118.3(4) C21-C30-C31 120.4(4) 
C29-C30-C31 121.3(4) C40-C31-C32 118.5(4) C40-C31-C30 120.5(4) 
C32-C31-C30 121.0(4) C37-C32-C33 117.2(4) C37-C32-C31 120.4(4) 
C33-C32-C31 122.4(4) C34-C33-C32 121.2(4) C33-C34-C35 120.8(5) 
C36-C35-C34 119.9(5) C35-C36-C37 121.1(5) C38-C37-C36 121.4(4) 
C38-C37-C32 118.7(4) C36-C37-C32 119.8(4) C39-C38-C37 121.4(4) 
C38-C39-C40 120.8(4) O4-C40-C31 122.3(4) O4-C40-C39 117.5(4) 
C31-C40-C39 120.2(4) O5-C41-C50 120.3(4) O5-C41-C42 118.6(4) 
C50-C41-C42 121.0(4) C43-C42-C41 119.4(5) C42-C43-C44 121.5(6) 
C43-C44-C49 119.1(4) C43-C44-C45 121.8(5) C49-C44-C45 119.1(5) 
C46-C45-C44 120.0(5) C45-C46-C47 120.7(5) C48-C47-C46 120.6(6) 
C47-C48-C49 121.1(5) C48-C49-C44 118.4(4) C48-C49-C50 122.0(4) 
C44-C49-C50 119.5(4) C41-C50-C49 119.0(4) C41-C50-C51 120.7(4) 
C49-C50-C51 120.3(4) C60-C51-C52 119.2(4) C60-C51-C50 120.1(4) 
C52-C51-C50 120.7(4) C53-C52-C57 118.5(4) C53-C52-C51 121.9(4) 
C57-C52-C51 119.6(4) C54-C53-C52 121.4(5) C53-C54-C55 120.1(5) 
C56-C55-C54 120.4(5) C55-C56-C57 120.8(5) C58-C57-C56 122.8(5) 
C58-C57-C52 118.4(4) C56-C57-C52 118.7(5) C59-C58-C57 121.8(5) 
C58-C59-C60 120.2(4) O6-C60-C51 120.8(4) O6-C60-C59 118.7(4) 
C51-C60-C59 120.5(4) O7-C61-C72 124.0(5) O7-C61-C62 122.7(5) 
C72-C61-C62 113.0(5) C63-C62-C61 122.6(6) C64-C63-C62 120.7(6) 
C71-C64-C63 117.9(5) C71-C64-C65 120.5(6) C63-C64-C65 121.6(6) 
C66-C65-C70 118.0(7) C66-C65-C64 122.0(7) C70-C65-C64 119.9(7) 
C65-C66-C67 124.6(9) C66-C67-C68 115.9(10) C69-C68-C67 119.0(9) 
C68-C69-C70 123.2(11) C69-C70-C65 119.2(10) C64-C71-C72 121.7(6) 
C71-C72-C61 123.8(6) O8-C74-C75 107.7(5) O8-C74-Li1 42.6(3) 
C75-C74-Li1 75.6(4) O9-C75-C74 105.3(5) O10-C78-C79 107.1(5) 
O11-C79-C78 107.9(5) O11-C79-Li2 44.9(3) C78-C79-Li2 78.1(4) 
O12-C82-C83 112.4(5) O13-C83-C82 111.1(5) O2-Li1-O3 87.2(4) 
O2-Li1-O9 112.8(5) O3-Li1-O9 147.1(6) O2-Li1-O8 131.5(5) 
O3-Li1-O8 104.3(5) O9-Li1-O8 82.4(3) O2-Li1-C74 128.4(5) 
O3-Li1-C74 130.5(4) O9-Li1-C74 56.8(3) O8-Li1-C74 27.2(2) 
O2-Li1-Ce1 43.88(19) O3-Li1-Ce1 43.65(19) O9-Li1-Ce1 151.3(4) 
O8-Li1-Ce1 124.8(4) C74-Li1-Ce1 146.9(4) O5-Li2-O4 89.8(4) 
O5-Li2-O10 111.3(5) O4-Li2-O10 109.3(4) O5-Li2-O11 144.9(5) 
O4-Li2-O11 118.0(4) O10-Li2-O11 80.9(4) O5-Li2-C79 159.5(5) 
O4-Li2-C79 108.9(4) O10-Li2-C79 55.5(3) O11-Li2-C79 29.6(2) 
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O5-Li2-Ce1 45.9(2) O4-Li2-Ce1 44.17(19) O10-Li2-Ce1 115.6(4) 
O11-Li2-Ce1 157.6(4) C79-Li2-Ce1 150.8(3) O6-Li3-O1 86.3(3) 
O6-Li3-O12 148.6(6) O1-Li3-O12 95.7(4) O6-Li3-O13 107.7(4) 
O1-Li3-O13 160.6(5) O12-Li3-O13 79.5(3) O6-Li3-Ce1 43.46(18) 
O1-Li3-Ce1 42.86(17) O12-Li3-Ce1 129.3(4) O13-Li3-Ce1 149.7(4) 
C86-O14-C85 113.7(8) C87-O15-C88 110.3(7) O14-C86-C87 111.1(8) 
O15-C87-C86 109.7(7) C92-O16-C91 120.1(12) C89-O17-C90 108.9(9) 
C89-O17-C91 151.0(9) C90-O17-C91 42.5(6) C91-C90-O17 88.3(10) 
C90-C91-O16 107.2(10) C90-C91-O17 49.1(7) O16-C91-O17 156.2(9) 
 
Table 2.4.43. Bond lengths for compound 2.2–F(DMEDA) (Å). 
Ce1-F1  1.923(3) Ce1-O6  2.289(3) Ce1-O2  2.306(3) 
Ce1-O4  2.315(3) Ce1-O3  2.332(3) Ce1-O1  2.341(3) 
Ce1-O5  2.342(3) Ce1-Li1  3.209(7) Ce1-Li2  3.217(9) 
Ce1-Li3  3.279(7) O1-C1  1.333(5) O1-Li3  1.900(8) 
O2-C20  1.310(7) O2-Li1  1.884(7) O3-C21  1.330(4) 
O3-Li1  1.903(8) O4-C40  1.318(5) O4-Li2  1.865(10) 
O5-C41  1.315(4) O5-Li2  1.867(9) O6-C60  1.319(5) 
O6-Li3  1.942(7) N1-C63  1.453(8) N1-C61  1.464(6) 
N1-Li1  2.056(8) N2-C62  1.462(6) N2-C64  1.472(6) 
N2-Li1  2.105(9) N3-C67  1.412(7) N3-C65  1.492(7) 
N3-Li2  2.112(10) N4-C68  1.460(7) N4-C66  1.461(6) 
N4-Li2  2.128(10) N5-C71  1.421(8) N5-C69  1.479(7) 
N5-Li3  2.136(8) N6-C70  1.446(7) N6-C72  1.461(7) 
N6-Li3  2.148(8) C1-C10  1.390(6) C1-C2  1.423(6) 
C2-C3  1.376(7) C3-C4  1.414(9) C4-C5  1.427(7) 
C4-C9  1.443(8) C5-C6  1.335(11) C6-C7  1.403(11) 
C7-C8  1.391(8) C8-C9  1.420(7) C9-C10  1.433(6) 
C10-C11  1.486(5) C11-C20  1.392(7) C11-C12  1.434(5) 
C12-C13  1.412(6) C12-C17  1.429(7) C13-C14  1.378(7) 
C14-C15  1.399(9) C15-C16  1.317(9) C16-C17  1.452(7) 
C17-C18  1.358(10) C18-C19  1.412(9) C19-C20  1.453(7) 
C21-C30  1.377(5) C21-C22  1.433(5) C22-C23  1.382(6) 
C23-C24  1.422(6) C24-C29  1.420(5) C24-C25  1.423(6) 
C25-C26  1.353(7) C26-C27  1.409(7) C27-C28  1.354(6) 
C28-C29  1.427(5) C29-C30  1.437(5) C30-C31  1.486(4) 
C31-C40  1.412(5) C31-C32  1.415(5) C32-C33  1.419(5) 
C32-C37  1.443(5) C33-C34  1.370(5) C34-C35  1.412(6) 
C35-C36  1.343(7) C36-C37  1.428(6) C37-C38  1.404(6) 
C38-C39  1.372(7) C39-C40  1.426(5) C41-C50  1.405(5) 
C41-C42  1.426(5) C42-C43  1.371(6) C43-C44  1.410(6) 
C44-C45  1.431(6) C44-C49  1.432(5) C45-C46  1.356(8) 
C46-C47  1.416(7) C47-C48  1.378(5) C48-C49  1.415(5) 
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C49-C50  1.445(5) C50-C51  1.479(5) C51-C60  1.388(6) 
C51-C52  1.436(5) C52-C53  1.405(6) C52-C57  1.435(6) 
C53-C54  1.375(6) C54-C55  1.398(7) C55-C56  1.347(9) 
C56-C57  1.432(7) C57-C58  1.372(8) C58-C59  1.365(7) 
C59-C60  1.436(5) C61-C62  1.488(8) C61-Li1  2.785(9) 
C62-Li1  2.764(9) C65-C66  1.500(8) C66-Li2  2.782(10) 
C69-C70  1.521(8)     
 
Table 2.4.44 Bond angles for compound 2.2–F(DMEDA) (o). 
F1-Ce1-O6 81.29(9) F1-Ce1-O2 79.34(10) O6-Ce1-O2 110.09(9) 
F1-Ce1-O4 80.36(9) O6-Ce1-O4 119.38(9) O2-Ce1-O4 122.16(9) 
F1-Ce1-O3 121.88(9) O6-Ce1-O3 155.36(9) O2-Ce1-O3 70.23(9) 
O4-Ce1-O3 76.22(9) F1-Ce1-O1 132.53(9) O6-Ce1-O1 70.02(10) 
O2-Ce1-O1 76.31(9) O4-Ce1-O1 146.75(10) O3-Ce1-O1 86.68(10) 
F1-Ce1-O5 125.92(9) O6-Ce1-O5 76.33(9) O2-Ce1-O5 154.71(9) 
O4-Ce1-O5 69.58(9) O3-Ce1-O5 93.70(9) O1-Ce1-O5 83.57(9) 
F1-Ce1-Li1 96.69(15) O6-Ce1-Li1 143.74(15) O2-Ce1-Li1 35.38(15) 
O4-Ce1-Li1 95.60(14) O3-Ce1-Li1 35.96(15) O1-Ce1-Li1 86.23(14) 
O5-Ce1-Li1 129.18(15) F1-Ce1-Li2 102.69(18) O6-Ce1-Li2 96.83(19) 
O2-Ce1-Li2 152.93(19) O4-Ce1-Li2 34.81(17) O3-Ce1-Li2 86.60(19) 
O1-Ce1-Li2 117.27(17) O5-Ce1-Li2 34.97(17) Li1-Ce1-Li2 118.7(2) 
F1-Ce1-Li3 107.27(14) O6-Ce1-Li3 35.50(15) O2-Ce1-Li3 91.28(17) 
O4-Ce1-Li3 146.54(18) O3-Ce1-Li3 121.30(14) O1-Ce1-Li3 34.69(15) 
O5-Ce1-Li3 80.36(17) Li1-Ce1-Li3 115.1(2) Li2-Ce1-Li3 113.2(2) 
C1-O1-Li3 127.5(3) C1-O1-Ce1 126.4(2) Li3-O1-Ce1 100.8(2) 
C20-O2-Li1 138.0(4) C20-O2-Ce1 117.7(3) Li1-O2-Ce1 99.5(3) 
C21-O3-Li1 129.6(3) C21-O3-Ce1 128.6(2) Li1-O3-Ce1 98.0(2) 
C40-O4-Li2 138.6(4) C40-O4-Ce1 117.9(2) Li2-O4-Ce1 100.1(3) 
C41-O5-Li2 130.6(4) C41-O5-Ce1 127.2(2) Li2-O5-Ce1 99.1(3) 
C60-O6-Li3 134.8(4) C60-O6-Ce1 115.9(2) Li3-O6-Ce1 101.3(3) 
C63-N1-C61 111.2(5) C63-N1-Li1 118.0(5) C61-N1-Li1 103.3(4) 
C62-N2-C64 112.8(4) C62-N2-Li1 100.0(3) C64-N2-Li1 119.7(4) 
C67-N3-C65 113.3(5) C67-N3-Li2 119.0(5) C65-N3-Li2 102.8(4) 
C68-N4-C66 112.7(4) C68-N4-Li2 117.5(4) C66-N4-Li2 100.0(4) 
C71-N5-C69 112.2(5) C71-N5-Li3 121.5(5) C69-N5-Li3 103.8(4) 
C70-N6-C72 113.6(5) C70-N6-Li3 101.3(4) C72-N6-Li3 116.7(4) 
O1-C1-C10 121.1(4) O1-C1-C2 118.0(4) C10-C1-C2 120.9(4) 
C3-C2-C1 120.5(5) C2-C3-C4 120.0(4) C3-C4-C5 121.5(6) 
C3-C4-C9 120.4(4) C5-C4-C9 118.1(6) C6-C5-C4 121.5(6) 
C5-C6-C7 120.4(5) C8-C7-C6 122.3(6) C7-C8-C9 118.0(6) 
C8-C9-C10 122.1(5) C8-C9-C4 119.8(5) C10-C9-C4 118.1(4) 
C1-C10-C9 119.7(4) C1-C10-C11 118.9(3) C9-C10-C11 121.3(4) 
C20-C11-C12 119.4(4) C20-C11-C10 120.2(4) C12-C11-C10 120.3(4) 
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C13-C12-C17 117.2(4) C13-C12-C11 123.1(4) C17-C12-C11 119.6(4) 
C14-C13-C12 122.1(5) C13-C14-C15 119.0(5) C16-C15-C14 122.4(5) 
C15-C16-C17 120.2(6) C18-C17-C12 120.9(5) C18-C17-C16 120.1(5) 
C12-C17-C16 118.8(5) C17-C18-C19 120.8(6) C18-C19-C20 119.5(5) 
O2-C20-C11 121.1(5) O2-C20-C19 119.2(5) C11-C20-C19 119.7(5) 
O3-C21-C30 122.4(3) O3-C21-C22 118.4(3) C30-C21-C22 119.2(3) 
C23-C22-C21 121.0(3) C22-C23-C24 120.6(3) C29-C24-C23 118.7(3) 
C29-C24-C25 118.8(4) C23-C24-C25 122.5(4) C26-C25-C24 121.6(4) 
C25-C26-C27 119.7(4) C28-C27-C26 120.9(4) C27-C28-C29 121.2(4) 
C24-C29-C28 117.9(3) C24-C29-C30 119.8(3) C28-C29-C30 122.3(3) 
C21-C30-C29 120.5(3) C21-C30-C31 119.5(3) C29-C30-C31 120.0(3) 
C40-C31-C32 119.9(3) C40-C31-C30 119.4(3) C32-C31-C30 120.7(3) 
C31-C32-C33 122.4(3) C31-C32-C37 119.4(3) C33-C32-C37 118.1(3) 
C34-C33-C32 121.0(3) C33-C34-C35 120.9(4) C36-C35-C34 119.7(4) 
C35-C36-C37 122.3(4) C38-C37-C36 122.8(4) C38-C37-C32 119.3(4) 
C36-C37-C32 117.9(4) C39-C38-C37 120.7(4) C38-C39-C40 121.2(4) 
O4-C40-C31 120.8(3) O4-C40-C39 120.1(4) C31-C40-C39 119.1(4) 
O5-C41-C50 121.8(3) O5-C41-C42 119.0(3) C50-C41-C42 119.2(3) 
C43-C42-C41 121.5(4) C42-C43-C44 120.8(4) C43-C44-C45 121.8(4) 
C43-C44-C49 119.3(3) C45-C44-C49 118.9(4) C46-C45-C44 120.3(4) 
C45-C46-C47 121.1(4) C48-C47-C46 120.0(4) C47-C48-C49 120.8(4) 
C48-C49-C44 118.8(3) C48-C49-C50 121.8(3) C44-C49-C50 119.4(3) 
C41-C50-C49 119.5(3) C41-C50-C51 118.9(3) C49-C50-C51 121.5(3) 
C60-C51-C52 119.3(3) C60-C51-C50 119.6(3) C52-C51-C50 121.1(4) 
C53-C52-C57 118.5(4) C53-C52-C51 122.8(4) C57-C52-C51 118.7(4) 
C54-C53-C52 121.5(4) C53-C54-C55 120.4(5) C56-C55-C54 119.8(4) 
C55-C56-C57 122.3(5) C58-C57-C56 122.8(5) C58-C57-C52 119.7(4) 
C56-C57-C52 117.4(5) C59-C58-C57 122.6(4) C58-C59-C60 119.2(4) 
O6-C60-C51 120.7(3) O6-C60-C59 118.8(4) C51-C60-C59 120.4(4) 
N1-C61-C62 110.5(5) N1-C61-Li1 46.0(3) C62-C61-Li1 73.7(3) 
N2-C62-C61 109.2(4) N2-C62-Li1 48.6(2) C61-C62-Li1 75.2(3) 
N3-C65-C66 109.9(4) N4-C66-C65 110.3(4) N4-C66-Li2 48.9(3) 
C65-C66-Li2 76.8(3) N5-C69-C70 110.3(4) N6-C70-C69 109.3(4) 
O2-Li1-O3 89.6(3) O2-Li1-N1 127.2(4) O3-Li1-N1 122.5(4) 
O2-Li1-N2 105.0(4) O3-Li1-N2 128.5(4) N1-Li1-N2 87.2(3) 
O2-Li1-C62 111.4(4) O3-Li1-C62 152.9(4) N1-Li1-C62 58.3(3) 
N2-Li1-C62 31.41(19) O2-Li1-C61 134.2(4) O3-Li1-C61 135.7(4) 
N1-Li1-C61 30.8(2) N2-Li1-C61 56.9(2) C62-Li1-C61 31.11(19) 
O2-Li1-Ce1 45.13(18) O3-Li1-Ce1 46.01(17) N1-Li1-Ce1 153.1(4) 
N2-Li1-Ce1 119.1(3) C62-Li1-Ce1 145.3(3) C61-Li1-Ce1 176.0(3) 
O4-Li2-O5 90.8(4) O4-Li2-N3 126.5(5) O5-Li2-N3 118.1(5) 
O4-Li2-N4 107.6(5) O5-Li2-N4 131.3(5) N3-Li2-N4 86.8(4) 
O4-Li2-C66 112.9(4) O5-Li2-C66 153.1(5) N3-Li2-C66 58.2(3) 
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N4-Li2-C66 31.2(2) O4-Li2-Ce1 45.1(2) O5-Li2-Ce1 46.0(2) 
N3-Li2-Ce1 143.5(4) N4-Li2-Ce1 129.2(4) C66-Li2-Ce1 153.2(4) 
O1-Li3-O6 87.5(3) O1-Li3-N5 110.9(4) O6-Li3-N5 142.1(5) 
O1-Li3-N6 142.7(5) O6-Li3-N6 100.1(3) N5-Li3-N6 85.1(3) 
O1-Li3-Ce1 44.54(17) O6-Li3-Ce1 43.21(17) N5-Li3-Ce1 145.9(3) 
N6-Li3-Ce1 129.0(3)     
 
Table 2.4.45. Bond lengths for compound 2.3 (Å). 
Ce1-O2  2.373(2) Ce1-O2#1  2.373(2) Ce1-O2#2  2.373(2) 
Ce1-O1#2  2.390(2) Ce1-O1#1  2.390(2) Ce1-O1  2.390(2) 
Ce1-Na1#1  3.6448(14) Ce1-Na1#2  3.6448(14) Ce1-Na1  3.6448(14) 
Na1-O1#1  2.245(3) Na1-O3  2.340(3) Na1-O2  2.358(3) 
Na1-O4  2.365(3) Na1-C10  2.934(3) Na1-C9  3.111(3) 
O1-C1  1.318(4) O1-Na1#2  2.245(3) O2-C20  1.351(4) 
O3-C24  1.398(8) O3-C24'  1.412(9) O3-C21  1.425(5) 
O4-C28  1.411(6) O4-C25  1.421(5) C1-C10  1.396(4) 
C1-C2  1.432(4) C2-C3  1.355(5) C3-C4  1.419(5) 
C4-C5  1.420(5) C4-C9  1.425(5) C5-C6  1.351(6) 
C6-C7  1.408(6) C7-C8  1.360(5) C8-C9  1.437(5) 
C9-C10  1.427(4) C10-C11  1.506(5) C11-C20  1.371(5) 
C11-C12  1.420(4) C12-C17  1.419(5) C12-C13  1.428(5) 
C13-C14  1.381(5) C14-C15  1.404(7) C15-C16  1.389(6) 
C16-C17  1.429(5) C17-C18  1.403(5) C18-C19  1.360(5) 
C19-C20  1.426(4) C21-C22'  1.507(10) C21-C22  1.512(9) 
C22-C23  1.513(9) C23-C24  1.481(9) C22'-C23'  1.509(10) 
C23'-C24'  1.499(10) C25-C26  1.505(7) C26-C27  1.481(9) 
C27-C28  1.459(7)     
 
Table 2.4.46 Bond angles for compound 2.3 (o). 
O2-Ce1-O2#1 112.20(5) O2-Ce1-O2#2 112.20(5) O2#1-Ce1-O2#2 112.20(5) 
O2-Ce1-O1#2 162.32(7) O2#1-Ce1-O1#2 74.58(8) O2#2-Ce1-O1#2 78.07(7) 
O2-Ce1-O1#1 74.58(8) O2#1-Ce1-O1#1 78.07(7) O2#2-Ce1-O1#1 162.32(7) 
O1#2-Ce1-O1#1 91.61(8) O2-Ce1-O1 78.07(7) O2#1-Ce1-O1 162.32(7) 
O2#2-Ce1-O1 74.58(8) O1#2-Ce1-O1 91.61(8) O1#1-Ce1-O1 91.61(8) 
O2-Ce1-Na1#1 142.89(5) O2#1-Ce1-Na1#1 39.47(6) O2#2-Ce1-Na1#1 102.91(6) 
O1#2-Ce1-Na1#1 36.76(6) O1#1-Ce1-Na1#1 75.48(6) O1-Ce1-Na1#1 124.22(6) 
O2-Ce1-Na1#2 102.91(6) O2#1-Ce1-Na1#2 142.89(5) O2#2-Ce1-Na1#2 39.47(6) 
O1#2-Ce1-Na1#2 75.48(6) O1#1-Ce1-Na1#2 124.22(6) O1-Ce1-Na1#2 36.76(6) 
Na1#1-Ce1-Na1#2 111.90(2) O2-Ce1-Na1 39.47(6) O2#1-Ce1-Na1 102.91(6) 
O2#2-Ce1-Na1 142.89(5) O1#2-Ce1-Na1 124.22(6) O1#1-Ce1-Na1 36.76(6) 
O1-Ce1-Na1 75.48(6) Na1#1-Ce1-Na1 111.90(2) Na1#2-Ce1-Na1 111.90(2) 
O1#1-Na1-O3 138.29(13) O1#1-Na1-O2 77.61(8) O3-Na1-O2 87.92(10) 
O1#1-Na1-O4 97.94(10) O3-Na1-O4 92.12(12) O2-Na1-O4 173.12(12) 
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O1#1-Na1-C10 100.35(9) O3-Na1-C10 107.95(12) O2-Na1-C10 63.90(9) 
O4-Na1-C10 122.46(11) O1#1-Na1-C9 119.10(10) O3-Na1-C9 99.03(12) 
O2-Na1-C9 88.40(9) O4-Na1-C9 98.39(11) C10-Na1-C9 27.11(8) 
O1#1-Na1-Ce1 39.58(6) O3-Na1-Ce1 123.40(9) O2-Na1-Ce1 39.77(5) 
O4-Na1-Ce1 136.88(9) C10-Na1-Ce1 72.68(6) C9-Na1-Ce1 98.97(7) 
C1-O1-Na1#2 136.07(19) C1-O1-Ce1 120.27(18) Na1#2-O1-Ce1 103.66(9) 
C20-O2-Na1 115.91(18) C20-O2-Ce1 121.46(18) Na1-O2-Ce1 100.77(8) 
C24-O3-C24' 20.9(11) C24-O3-C21 106.3(5) C24'-O3-C21 112.3(8) 
C24-O3-Na1 142.5(5) C24'-O3-Na1 130.4(8) C21-O3-Na1 111.0(3) 
C28-O4-C25 108.0(3) C28-O4-Na1 120.3(3) C25-O4-Na1 118.6(3) 
O1-C1-C10 122.5(3) O1-C1-C2 118.2(3) C10-C1-C2 119.3(3) 
C3-C2-C1 122.0(3) C2-C3-C4 120.4(3) C3-C4-C5 121.4(3) 
C3-C4-C9 118.4(3) C5-C4-C9 120.2(3) C6-C5-C4 121.2(4) 
C5-C6-C7 119.4(3) C8-C7-C6 121.6(4) C7-C8-C9 121.0(4) 
C4-C9-C10 120.9(3) C4-C9-C8 116.6(3) C10-C9-C8 122.4(3) 
C4-C9-Na1 99.5(2) C10-C9-Na1 69.51(17) C8-C9-Na1 103.4(2) 
C1-C10-C9 118.8(3) C1-C10-C11 120.0(3) C9-C10-C11 121.1(3) 
C1-C10-Na1 88.63(18) C9-C10-Na1 83.39(18) C11-C10-Na1 97.04(18) 
C20-C11-C12 119.1(3) C20-C11-C10 119.7(3) C12-C11-C10 121.2(3) 
C17-C12-C11 120.2(3) C17-C12-C13 117.4(3) C11-C12-C13 122.4(3) 
C14-C13-C12 121.3(4) C13-C14-C15 121.5(4) C16-C15-C14 118.6(3) 
C15-C16-C17 121.2(4) C18-C17-C12 119.1(3) C18-C17-C16 120.9(3) 
C12-C17-C16 120.0(4) C19-C18-C17 120.4(3) C18-C19-C20 120.8(3) 
O2-C20-C11 122.2(3) O2-C20-C19 117.4(3) C11-C20-C19 120.4(3) 
O3-C21-C22' 109.7(9) O3-C21-C22 102.0(7) C22'-C21-C22 14.2(18) 
C21-C22-C23 110.5(9) C24-C23-C22 97.9(9) O3-C24-C23 114.0(9) 
C21-C22'-C23' 98.9(11) C24'-C23'-C22' 114.0(12) O3-C24'-C23' 100.4(11) 
O4-C25-C26 105.9(4) C27-C26-C25 103.7(4) C28-C27-C26 107.1(5) 
O4-C28-C27 108.1(5)     
 
Table 2.4.47. Bond lengths for compound 2.4–BINOL (Å). 
Ce1-O3  2.1855(12) Ce1-O5  2.2371(11) Ce1-O4  2.2481(11) 
Ce1-O1  2.2570(12) Ce1-O6  2.2623(11) Ce1-O2  2.2689(12) 
Ce1-C60  2.9573(17) Ce1-C40  2.9690(15) Ce1-C20  3.0948(16) 
Ce1-Na1  3.3566(7) Ce1-Na2  3.6108(8) Na1-O9  2.2722(18) 
Na1-O11  2.2811(16) Na1-O1  2.3596(14) Na1-O10  2.3730(17) 
Na1-O5  2.3981(14) Na1-C88  3.067(3) Na2-O13  2.3217(16) 
Na2-O12  2.3228(16) Na2-O6  2.3918(14) Na2-O7  2.4076(14) 
Na2-O4  2.5145(14) O1-C1  1.337(2) O2-C20  1.354(2) 
O3-C21  1.343(2) O4-C40  1.349(2) O5-C41  1.3441(19) 
O6-C60  1.346(2) O7-C61  1.364(2) O8-C80  1.363(3) 
O9-C81  1.405(3) O9-C84  1.407(3) O10-C85  1.429(3) 
O10-C88  1.437(3) O11-C89  1.394(3) O11-C92  1.423(3) 
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O12-C96  1.440(3) O12-C93  1.447(3) O13-C100  1.437(3) 
O13-C97  1.438(3) C1-C10  1.388(2) C1-C2  1.426(2) 
C2-C3  1.364(3) C3-C4  1.417(3) C4-C5  1.414(2) 
C4-C9  1.422(2) C5-C6  1.369(3) C6-C7  1.407(3) 
C7-C8  1.370(2) C8-C9  1.423(2) C9-C10  1.428(2) 
C10-C11  1.490(2) C11-C20  1.385(2) C11-C12  1.428(2) 
C12-C13  1.418(2) C12-C17  1.426(2) C13-C14  1.368(3) 
C14-C15  1.407(3) C15-C16  1.353(3) C16-C17  1.419(2) 
C17-C18  1.411(3) C18-C19  1.357(3) C19-C20  1.421(2) 
C21-C30  1.391(2) C21-C22  1.420(2) C22-C23  1.358(3) 
C23-C24  1.412(3) C24-C25  1.421(3) C24-C29  1.425(2) 
C25-C26  1.367(3) C26-C27  1.409(3) C27-C28  1.369(3) 
C28-C29  1.418(2) C29-C30  1.426(2) C30-C31  1.492(2) 
C31-C40  1.387(2) C31-C32  1.433(2) C32-C33  1.419(3) 
C32-C37  1.427(3) C33-C34  1.364(3) C34-C35  1.408(3) 
C35-C36  1.362(3) C36-C37  1.414(3) C37-C38  1.409(3) 
C38-C39  1.354(3) C39-C40  1.427(2) C41-C50  1.382(2) 
C41-C42  1.417(2) C42-C43  1.365(3) C43-C44  1.414(3) 
C44-C49  1.421(2) C44-C45  1.427(2) C45-C46  1.355(3) 
C46-C47  1.411(3) C47-C48  1.368(2) C48-C49  1.421(2) 
C49-C50  1.433(2) C50-C51  1.489(2) C51-C60  1.392(2) 
C51-C52  1.434(2) C52-C53  1.417(2) C52-C57  1.422(2) 
C53-C54  1.366(3) C54-C55  1.401(3) C55-C56  1.368(3) 
C56-C57  1.414(3) C57-C58  1.416(3) C58-C59  1.358(3) 
C59-C60  1.423(2) C61-C70  1.374(2) C61-C62  1.418(2) 
C62-C63  1.358(3) C63-C64  1.416(3) C64-C65  1.418(3) 
C64-C69  1.421(3) C65-C66  1.368(3) C66-C67  1.400(3) 
C67-C68  1.363(3) C68-C69  1.420(3) C69-C70  1.430(3) 
C70-C71  1.497(3) C71-C80  1.385(3) C71-C72  1.432(3) 
C72-C73  1.411(4) C72-C77  1.425(3) C73-C74  1.379(3) 
C74-C75  1.403(5) C75-C76  1.344(6) C76-C77  1.402(5) 
C77-C78  1.422(5) C78-C79  1.339(5) C79-C80  1.415(4) 
C81-C82  1.440(5) C82-C83  1.505(6) C83-C84  1.520(5) 
C85-C86  1.515(3) C86-C87  1.521(4) C87-C88  1.517(4) 
C89-C90  1.463(4) C90-C91  1.469(4) C91-C92  1.455(4) 
C93-C94  1.504(3) C94-C95  1.512(4) C95-C96  1.514(3) 
C97-C98  1.506(4) C98-C99  1.520(3) C99-C100  1.509(3) 
 
Table 2.4.48 Bond angles for compound 2.4–BINOL (o). 
O3-Ce1-O5 89.49(4) O3-Ce1-O4 82.23(4) O5-Ce1-O4 113.17(5) 
O3-Ce1-O1 84.40(5) O5-Ce1-O1 79.94(4) O4-Ce1-O1 161.09(4) 
O3-Ce1-O6 157.74(4) O5-Ce1-O6 87.47(4) O4-Ce1-O6 78.74(4) 
O1-Ce1-O6 116.67(4) O3-Ce1-O2 104.05(5) O5-Ce1-O2 157.38(4) 
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O4-Ce1-O2 86.92(4) O1-Ce1-O2 83.41(4) O6-Ce1-O2 86.43(4) 
O3-Ce1-C60 164.66(5) O5-Ce1-C60 75.20(4) O4-Ce1-C60 104.37(4) 
O1-Ce1-C60 91.92(5) O6-Ce1-C60 25.75(5) O2-Ce1-C60 90.26(5) 
O3-Ce1-C40 71.92(5) O5-Ce1-C40 89.38(5) O4-Ce1-C40 25.49(4) 
O1-Ce1-C40 154.13(4) O6-Ce1-C40 85.99(5) O2-Ce1-C40 111.87(4) 
C60-Ce1-C40 108.15(5) O3-Ce1-C20 83.09(4) O5-Ce1-C20 150.41(5) 
O4-Ce1-C20 94.22(4) O1-Ce1-C20 70.87(4) O6-Ce1-C20 109.62(4) 
O2-Ce1-C20 23.37(4) C60-Ce1-C20 109.81(4) C40-Ce1-C20 115.02(4) 
O3-Ce1-Na1 63.23(4) O5-Ce1-Na1 45.53(3) O4-Ce1-Na1 136.19(3) 
O1-Ce1-Na1 44.57(3) O6-Ce1-Na1 126.16(3) O2-Ce1-Na1 125.50(3) 
C60-Ce1-Na1 104.01(4) C40-Ce1-Na1 112.67(4) C20-Ce1-Na1 106.61(3) 
O3-Ce1-Na2 124.74(3) O5-Ce1-Na2 117.22(3) O4-Ce1-Na2 43.54(3) 
O1-Ce1-Na2 143.75(3) O6-Ce1-Na2 40.44(3) O2-Ce1-Na2 69.75(3) 
C60-Ce1-Na2 65.18(4) C40-Ce1-Na2 61.87(3) C20-Ce1-Na2 90.10(3) 
Na1-Ce1-Na2 162.734(18) O9-Na1-O11 98.05(7) O9-Na1-O1 115.67(7) 
O11-Na1-O1 145.64(6) O9-Na1-O10 95.97(6) O11-Na1-O10 91.80(7) 
O1-Na1-O10 91.06(5) O9-Na1-O5 99.33(6) O11-Na1-O5 94.38(6) 
O1-Na1-O5 74.71(5) O10-Na1-O5 162.51(6) O9-Na1-C88 122.07(7) 
O11-Na1-C88 81.83(8) O1-Na1-C88 85.45(7) O10-Na1-C88 26.98(6) 
O5-Na1-C88 138.58(6) O9-Na1-Ce1 131.85(5) O11-Na1-Ce1 109.62(4) 
O1-Na1-Ce1 42.17(3) O10-Na1-Ce1 120.82(5) O5-Na1-Ce1 41.74(3) 
C88-Na1-Ce1 100.78(5) O13-Na2-O12 99.29(6) O13-Na2-O6 152.36(6) 
O12-Na2-O6 96.31(5) O13-Na2-O7 91.88(6) O12-Na2-O7 148.27(6) 
O6-Na2-O7 86.61(5) O13-Na2-O4 82.14(5) O12-Na2-O4 108.44(5) 
O6-Na2-O4 71.30(4) O7-Na2-O4 102.43(5) O13-Na2-Ce1 114.62(5) 
O12-Na2-Ce1 118.84(4) O6-Na2-Ce1 37.84(3) O7-Na2-Ce1 81.98(3) 
O4-Na2-Ce1 38.01(3) C1-O1-Ce1 124.80(10) C1-O1-Na1 138.04(11) 
Ce1-O1-Na1 93.26(5) C20-O2-Ce1 114.98(10) C21-O3-Ce1 130.95(11) 
C40-O4-Ce1 108.68(9) C40-O4-Na2 122.07(9) Ce1-O4-Na2 98.45(4) 
C41-O5-Ce1 124.51(10) C41-O5-Na1 142.74(10) Ce1-O5-Na1 92.73(4) 
C60-O6-Ce1 107.34(10) C60-O6-Na2 145.16(11) Ce1-O6-Na2 101.72(5) 
C61-O7-Na2 134.88(11) C81-O9-C84 110.7(2) C81-O9-Na1 115.18(18) 
C84-O9-Na1 134.03(17) C85-O10-C88 105.85(19) C85-O10-Na1 122.16(13) 
C88-O10-Na1 104.50(14) C89-O11-C92 109.04(19) C89-O11-Na1 118.65(15) 
C92-O11-Na1 131.02(13) C96-O12-C93 109.24(17) C96-O12-Na2 128.45(13) 
C93-O12-Na2 121.73(13) C100-O13-C97 108.26(19) C100-O13-Na2 118.11(13) 
C97-O13-Na2 123.39(14) O1-C1-C10 121.23(14) O1-C1-C2 118.90(15) 
C10-C1-C2 119.86(15) C3-C2-C1 120.79(16) C2-C3-C4 121.20(15) 
C5-C4-C3 122.62(16) C5-C4-C9 119.12(16) C3-C4-C9 118.25(15) 
C6-C5-C4 121.56(17) C5-C6-C7 119.56(17) C8-C7-C6 120.46(17) 
C7-C8-C9 121.35(16) C4-C9-C8 117.92(15) C4-C9-C10 120.41(15) 
C8-C9-C10 121.65(15) C1-C10-C9 119.27(14) C1-C10-C11 120.96(14) 
C9-C10-C11 119.76(14) C20-C11-C12 119.22(14) C20-C11-C10 120.69(14) 
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C12-C11-C10 120.08(14) C13-C12-C17 117.93(15) C13-C12-C11 122.45(15) 
C17-C12-C11 119.62(15) C14-C13-C12 121.30(17) C13-C14-C15 120.30(19) 
C16-C15-C14 120.13(17) C15-C16-C17 121.40(17) C18-C17-C16 122.31(16) 
C18-C17-C12 118.78(15) C16-C17-C12 118.91(16) C19-C18-C17 121.31(16) 
C18-C19-C20 120.46(17) O2-C20-C11 120.78(15) O2-C20-C19 118.73(15) 
C11-C20-C19 120.48(15) O2-C20-Ce1 41.65(7) C11-C20-Ce1 106.03(10) 
C19-C20-Ce1 117.08(11) O3-C21-C30 121.52(16) O3-C21-C22 118.56(16) 
C30-C21-C22 119.92(16) C23-C22-C21 121.06(17) C22-C23-C24 120.97(16) 
C23-C24-C25 122.10(17) C23-C24-C29 118.80(16) C25-C24-C29 119.09(17) 
C26-C25-C24 121.14(18) C25-C26-C27 119.91(18) C28-C27-C26 120.31(18) 
C27-C28-C29 121.50(18) C28-C29-C24 118.03(16) C28-C29-C30 122.11(17) 
C24-C29-C30 119.86(16) C21-C30-C29 119.31(16) C21-C30-C31 120.01(15) 
C29-C30-C31 120.65(15) C40-C31-C32 119.26(16) C40-C31-C30 120.13(15) 
C32-C31-C30 120.61(16) C33-C32-C37 117.52(16) C33-C32-C31 122.37(17) 
C37-C32-C31 120.10(16) C34-C33-C32 121.49(19) C33-C34-C35 120.7(2) 
C36-C35-C34 119.52(18) C35-C36-C37 121.41(19) C38-C37-C36 122.32(17) 
C38-C37-C32 118.33(16) C36-C37-C32 119.35(17) C39-C38-C37 121.45(17) 
C38-C39-C40 121.14(17) O4-C40-C31 122.17(15) O4-C40-C39 118.14(15) 
C31-C40-C39 119.67(16) O4-C40-Ce1 45.83(7) C31-C40-Ce1 108.61(11) 
C39-C40-Ce1 111.44(10) O5-C41-C50 121.19(15) O5-C41-C42 118.60(15) 
C50-C41-C42 120.21(15) C43-C42-C41 120.96(16) C42-C43-C44 120.70(16) 
C43-C44-C49 118.80(15) C43-C44-C45 122.26(16) C49-C44-C45 118.93(16) 
C46-C45-C44 121.18(17) C45-C46-C47 120.03(17) C48-C47-C46 120.55(17) 
C47-C48-C49 121.02(16) C48-C49-C44 118.27(15) C48-C49-C50 121.85(14) 
C44-C49-C50 119.82(15) C41-C50-C49 119.29(15) C41-C50-C51 120.95(14) 
C49-C50-C51 119.76(14) C60-C51-C52 119.20(15) C60-C51-C50 120.77(14) 
C52-C51-C50 120.03(14) C53-C52-C57 118.08(15) C53-C52-C51 121.80(15) 
C57-C52-C51 120.08(15) C54-C53-C52 120.99(17) C53-C54-C55 120.80(18) 
C56-C55-C54 119.86(17) C55-C56-C57 120.91(18) C56-C57-C58 122.01(17) 
C56-C57-C52 119.31(17) C58-C57-C52 118.64(16) C59-C58-C57 120.85(17) 
C58-C59-C60 121.46(17) O6-C60-C51 121.34(15) O6-C60-C59 119.05(15) 
C51-C60-C59 119.58(16) O6-C60-Ce1 46.90(7) C51-C60-Ce1 104.22(11) 
C59-C60-Ce1 114.93(11) O7-C61-C70 119.22(16) O7-C61-C62 119.47(16) 
C70-C61-C62 121.31(17) C63-C62-C61 119.80(18) C62-C63-C64 121.44(18) 
C63-C64-C65 122.29(19) C63-C64-C69 118.66(17) C65-C64-C69 119.04(19) 
C66-C65-C64 121.2(2) C65-C66-C67 119.8(2) C68-C67-C66 120.7(2) 
C67-C68-C69 121.4(2) C68-C69-C64 117.91(18) C68-C69-C70 122.46(18) 
C64-C69-C70 119.63(17) C61-C70-C69 119.13(17) C61-C70-C71 120.37(16) 
C69-C70-C71 120.49(16) C80-C71-C72 119.6(2) C80-C71-C70 119.0(2) 
C72-C71-C70 121.45(18) C73-C72-C77 118.9(3) C73-C72-C71 122.0(2) 
C77-C72-C71 119.1(2) C74-C73-C72 119.9(3) C73-C74-C75 120.2(4) 
C76-C75-C74 120.9(3) C75-C76-C77 121.1(3) C76-C77-C78 122.7(3) 
C76-C77-C72 119.0(3) C78-C77-C72 118.3(3) C79-C78-C77 122.1(2) 
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C78-C79-C80 120.3(3) O8-C80-C71 123.5(2) O8-C80-C79 115.9(2) 
C71-C80-C79 120.6(3) O9-C81-C82 109.3(3) C81-C82-C83 104.3(3) 
C82-C83-C84 103.6(3) O9-C84-C83 103.9(3) O10-C85-C86 104.98(19) 
C85-C86-C87 102.0(2) C88-C87-C86 105.7(2) O10-C88-C87 106.2(2) 
O10-C88-Na1 48.52(11) C87-C88-Na1 148.89(19) O11-C89-C90 108.8(2) 
C89-C90-C91 103.8(2) C92-C91-C90 107.5(2) O11-C92-C91 107.0(2) 
O12-C93-C94 105.52(19) C93-C94-C95 102.5(2) C94-C95-C96 101.9(2) 
O12-C96-C95 106.04(19) O13-C97-C98 107.2(2) C97-C98-C99 102.6(2) 
C100-C99-C98 101.01(19) O13-C100-C99 104.01(18)   
 
Table 2.4.49. Bond lengths for compound 2.5 (Å). 
Ce1-O1#1  2.367(4) Ce1-O1#2  2.367(4) Ce1-O1  2.367(4) 
Ce1-O2#1  2.388(4) Ce1-O2#2  2.388(4) Ce1-O2  2.388(4) 
Ce1-K1#1  3.9671(19) Ce1-K1  3.9671(19) Ce1-K1#2  3.9671(19) 
K1-O2  2.543(5) K1-O4  2.631(9) K1-O3  2.649(6) 
K1-O1#1  2.708(5) K1-C11#1  3.024(7) K1-C12#1  3.115(8) 
K1-C20#1  3.371(6) K1-C1#1  3.466(6) K1-C28  3.49(2) 
K1-C21  3.495(9) K1-C17#1  3.524(9) O1-C1  1.329(8) 
O1-K1#2  2.708(5) O2-C20  1.318(8) O3-C21  1.385(10) 
O3-C24  1.401(10) O4-C25  1.323(12) O4-C28  1.455(13) 
C1-C10  1.378(9) C1-C2  1.443(9) C1-K1#2  3.466(6) 
C2-C3  1.376(11) C3-C4  1.404(11) C4-C5  1.420(11) 
C4-C9  1.430(9) C5-C6  1.366(12) C6-C7  1.405(12) 
C7-C8  1.377(10) C8-C9  1.404(9) C9-C10  1.447(8) 
C10-C11  1.528(8) C11-C20  1.396(9) C11-C12  1.409(9) 
C11-K1#2  3.024(7) C12-C13  1.430(11) C12-C17  1.436(10) 
C12-K1#2  3.115(8) C13-C14  1.411(11) C14-C15  1.404(15) 
C15-C16  1.341(15) C16-C17  1.446(11) C17-C18  1.392(12) 
C17-K1#2  3.524(9) C18-C19  1.342(11) C19-C20  1.447(8) 
C20-K1#2  3.371(6) C21-C22  1.471(12) C22-C23  1.469(15) 
C23-C24  1.457(14) C25-C26  1.563(17) C26-C27  1.519(17) 
C27-C28  1.476(17)     
 
Table 2.4.50 Bond angles for compound 2.5 (o). 
O1#1-Ce1-O1#2 110.51(9) O1#1-Ce1-O1 110.51(9) O1#2-Ce1-O1 110.51(9) 
O1#1-Ce1-O2#1 77.10(16) O1#2-Ce1-O2#1 77.47(16) O1-Ce1-O2#1 164.77(12) 
O1#1-Ce1-O2#2 164.77(12) O1#2-Ce1-O2#2 77.10(16) O1-Ce1-O2#2 77.47(16) 
O2#1-Ce1-O2#2 92.28(13) O1#1-Ce1-O2 77.47(16) O1#2-Ce1-O2 164.77(12) 
O1-Ce1-O2 77.10(16) O2#1-Ce1-O2 92.28(13) O2#2-Ce1-O2 92.28(13) 
O1#1-Ce1-K1#1 102.43(12) O1#2-Ce1-K1#1 41.76(11) O1-Ce1-K1#1 144.11(12) 
O2#1-Ce1-K1#1 37.79(12) O2#2-Ce1-K1#1 74.09(12) O2-Ce1-K1#1 125.05(10) 
O1#1-Ce1-K1 41.76(11) O1#2-Ce1-K1 144.11(12) O1-Ce1-K1 102.43(12) 
O2#1-Ce1-K1 74.09(12) O2#2-Ce1-K1 125.05(10) O2-Ce1-K1 37.79(12) 
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K1#1-Ce1-K1 111.69(3) O1#1-Ce1-K1#2 144.11(12) O1#2-Ce1-K1#2 102.43(12) 
O1-Ce1-K1#2 41.76(11) O2#1-Ce1-K1#2 125.05(10) O2#2-Ce1-K1#2 37.79(12) 
O2-Ce1-K1#2 74.09(12) K1#1-Ce1-K1#2 111.69(3) K1-Ce1-K1#2 111.69(3) 
O2-K1-O4 129.8(3) O2-K1-O3 97.87(18) O4-K1-O3 92.5(3) 
O2-K1-O1#1 68.95(12) O4-K1-O1#1 88.8(2) O3-K1-O1#1 163.4(2) 
O2-K1-C11#1 94.30(16) O4-K1-C11#1 112.5(3) O3-K1-C11#1 134.4(2) 
O1#1-K1-C11#1 59.16(16) O2-K1-C12#1 115.19(18) O4-K1-C12#1 105.6(3) 
O3-K1-C12#1 112.1(2) O1#1-K1-C12#1 83.41(16) C11#1-K1-C12#1 26.49(17) 
O2-K1-C20#1 71.85(15) O4-K1-C20#1 135.0(3) O3-K1-C20#1 126.6(2) 
O1#1-K1-C20#1 60.33(14) C11#1-K1-C20#1 24.45(16) C12#1-K1-C20#1 43.89(18) 
O2-K1-C1#1 86.77(15) O4-K1-C1#1 84.5(3) O3-K1-C1#1 175.4(2) 
O1#1-K1-C1#1 20.52(16) C11#1-K1-C1#1 44.70(17) C12#1-K1-C1#1 65.59(17) 
C20#1-K1-C1#1 54.82(15) O2-K1-C28 108.4(4) O4-K1-C28 22.3(4) 
O3-K1-C28 103.5(4) O1#1-K1-C28 72.7(3) C11#1-K1-C28 113.9(4) 
C12#1-K1-C28 117.5(4) C20#1-K1-C28 129.6(4) C1#1-K1-C28 74.8(4) 
O2-K1-C21 118.5(2) O4-K1-C21 77.3(2) O3-K1-C21 20.8(2) 
O1#1-K1-C21 165.93(19) C11#1-K1-C21 128.5(2) C12#1-K1-C21 102.4(2) 
C20#1-K1-C21 132.2(2) C1#1-K1-C21 154.6(2) C28-K1-C21 93.3(4) 
O2-K1-C17#1 108.54(19) O4-K1-C17#1 120.2(3) O3-K1-C17#1 91.3(2) 
O1#1-K1-C17#1 102.28(16) C11#1-K1-C17#1 43.26(17) C12#1-K1-C17#1 23.98(17) 
C20#1-K1-C17#1 48.31(17) C1#1-K1-C17#1 87.17(17) C28-K1-C17#1 137.6(4) 
C21-K1-C17#1 87.0(2) O2-K1-Ce1 35.13(9) O4-K1-Ce1 118.7(2) 
O3-K1-Ce1 132.88(16) O1#1-K1-Ce1 35.61(9) C11#1-K1-Ce1 67.69(13) 
C12#1-K1-Ce1 93.60(14) C20#1-K1-Ce1 52.50(11) C1#1-K1-Ce1 51.75(12) 
C28-K1-Ce1 97.8(3) C21-K1-Ce1 153.57(18) C17#1-K1-Ce1 100.41(15) 
C1-O1-Ce1 122.3(4) C1-O1-K1#2 113.9(4) Ce1-O1-K1#2 102.63(15) 
C20-O2-Ce1 122.5(4) C20-O2-K1 130.4(4) Ce1-O2-K1 107.08(17) 
C21-O3-C24 110.2(8) C21-O3-K1 116.6(6) C24-O3-K1 129.2(6) 
C25-O4-C28 109.5(13) C25-O4-K1 134.1(11) C28-O4-K1 114.4(12) 
O1-C1-C10 122.9(6) O1-C1-C2 118.1(6) C10-C1-C2 119.0(6) 
O1-C1-K1#2 45.6(3) C10-C1-K1#2 86.8(4) C2-C1-K1#2 140.8(5) 
C3-C2-C1 120.7(7) C2-C3-C4 121.5(6) C3-C4-C5 121.8(7) 
C3-C4-C9 118.9(6) C5-C4-C9 119.3(7) C6-C5-C4 121.8(7) 
C5-C6-C7 118.6(8) C8-C7-C6 121.0(8) C7-C8-C9 121.8(7) 
C8-C9-C4 117.4(6) C8-C9-C10 123.4(6) C4-C9-C10 119.2(6) 
C1-C10-C9 120.6(6) C1-C10-C11 118.7(5) C9-C10-C11 120.7(5) 
C20-C11-C12 120.5(6) C20-C11-C10 117.9(5) C12-C11-C10 121.5(6) 
C20-C11-K1#2 91.8(4) C12-C11-K1#2 80.3(4) C10-C11-K1#2 101.9(4) 
C11-C12-C13 121.6(6) C11-C12-C17 119.5(7) C13-C12-C17 118.8(7) 
C11-C12-K1#2 73.2(4) C13-C12-K1#2 98.7(5) C17-C12-K1#2 94.2(5) 
C14-C13-C12 119.7(9) C15-C14-C13 120.0(10) C16-C15-C14 122.2(8) 
C15-C16-C17 120.3(9) C18-C17-C12 119.0(7) C18-C17-C16 122.0(8) 
C12-C17-C16 119.0(9) C18-C17-K1#2 90.6(5) C12-C17-K1#2 61.8(4) 
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C16-C17-K1#2 114.4(6) C19-C18-C17 121.6(6) C18-C19-C20 121.4(7) 
O2-C20-C11 124.3(5) O2-C20-C19 117.6(6) C11-C20-C19 118.0(6) 
O2-C20-K1#2 110.7(4) C11-C20-K1#2 63.7(4) C19-C20-K1#2 92.4(4) 
O3-C21-C22 107.7(9) O3-C21-K1 42.7(4) C22-C21-K1 149.5(8) 
C23-C22-C21 105.2(11) C24-C23-C22 105.9(11) O3-C24-C23 108.2(10) 
O4-C25-C26 102.4(15) C27-C26-C25 94.5(14) C28-C27-C26 114.5(17) 
O4-C28-C27 89.8(14) O4-C28-K1 43.3(8) C27-C28-K1 105.4(13) 
 
Table 2.4.51. Bond lengths for compound 2.6–Crown (Å). 
Ce1-O4  2.2341(19) Ce1-O2  2.2334(19) Ce1-O6  2.2355(19) 
Ce1-O1  2.2401(19) Ce1-O3  2.2413(19) Ce1-O5  2.2547(16) 
Ce1-C41  2.995(3) Ce1-C21  3.095(3) O1-C20  1.340(3) 
O1-K1  2.9381(19) O2-C1  1.352(4) O2-K2  2.904(2) 
O3-C21  1.343(3) O3-K1  3.214(2) O4-C40  1.335(3) 
O4-K2  2.914(2) O5-C41  1.357(3) O5-K1  2.7479(19) 
O6-C60  1.338(3) O6-K2  3.130(2) O7-C72  1.419(5) 
O7-C61  1.427(4) O7-K1  2.962(2) O8-C63  1.418(4) 
O8-C62  1.427(4) O8-K1  2.823(2) O9-C65  1.411(5) 
O9-C64  1.423(4) O9-K1  3.019(2) O10-C66  1.406(5) 
O10-C67  1.436(4) O10-K1  2.853(2) O11-C68  1.415(5) 
O11-C69  1.423(5) O11-K1  2.911(3) O12-C71  1.411(5) 
O12-C70  1.431(5) O12-K1  2.876(3) O13-C73  1.414(5) 
O13-C84  1.416(5) O13-K2  3.042(3) O14-C75  1.414(5) 
O14-C74  1.427(4) O14-K2  2.820(3) O15-C77  1.421(4) 
O15-C76  1.437(6) O15-K2  3.029(3) O16-C79  1.413(5) 
O16-C78  1.424(5) O16-K2  2.825(3) O17-C80  1.426(5) 
O17-C81  1.432(5) O17-K2  2.964(3) O18-C82  1.410(5) 
O18-C83  1.436(5) O18-K2  2.906(3) C1-C10  1.387(5) 
C1-C2  1.420(5) C2-C3  1.347(7) C3-C4  1.406(7) 
C4-C9  1.413(6) C4-C5  1.416(5) C5-C6  1.373(7) 
C6-C7  1.403(10) C7-C8  1.370(5) C8-C9  1.401(6) 
C9-C10  1.432(4) C10-C11  1.484(4) C11-C20  1.390(4) 
C11-C12  1.441(3) C12-C17  1.422(5) C12-C13  1.423(4) 
C13-C14  1.379(4) C14-C15  1.414(6) C15-C16  1.346(6) 
C16-C17  1.414(4) C17-C18  1.419(5) C18-C19  1.369(5) 
C19-C20  1.427(4) C21-C30  1.391(4) C21-C22  1.431(4) 
C22-C23  1.361(4) C23-C24  1.404(5) C24-C25  1.423(4) 
C24-C29  1.434(4) C25-C26  1.359(6) C26-C27  1.411(6) 
C27-C28  1.367(4) C28-C29  1.433(4) C29-C30  1.428(4) 
C30-C31  1.488(4) C31-C40  1.391(4) C31-C32  1.427(4) 
C32-C33  1.417(5) C32-C37  1.435(5) C33-C34  1.382(6) 
C34-C35  1.402(8) C35-C36  1.345(8) C36-C37  1.418(5) 
C37-C38  1.405(5) C38-C39  1.346(5) C39-C40  1.428(4) 
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C41-C50  1.381(4) C41-C42  1.433(4) C42-C43  1.352(4) 
C43-C44  1.404(4) C44-C45  1.423(4) C44-C49  1.428(4) 
C45-C46  1.360(5) C46-C47  1.403(5) C47-C48  1.364(4) 
C48-C49  1.422(4) C49-C50  1.425(4) C50-C51  1.498(3) 
C51-C60  1.387(4) C51-C52  1.432(4) C52-C53  1.421(4) 
C52-C57  1.433(4) C53-C54  1.372(4) C54-C55  1.410(5) 
C55-C56  1.371(6) C56-C57  1.416(5) C57-C58  1.418(5) 
C58-C59  1.356(5) C59-C60  1.418(4) C61-C62  1.507(5) 
C63-C64  1.478(6) C65-C66  1.491(6) C67-C68  1.473(6) 
C69-C70  1.520(7) C71-C72  1.512(7) C73-C74  1.498(6) 
C75-C76  1.507(6) C77-C78  1.491(6) C79-C80  1.492(6) 
C81-C82  1.501(7) C83-C84  1.478(7) C85-C86  1.465(11) 
C86-C87  1.584(11) C87-C88  1.462(10) C88-C89  1.482(10) 
 
Table 2.4.52 Bond angles for compound 2.6–Crown (o). 
O4-Ce1-O2 83.42(7) O4-Ce1-O6 85.74(7) O2-Ce1-O6 90.01(8) 
O4-Ce1-O1 160.39(7) O2-Ce1-O1 79.99(7) O6-Ce1-O1 104.55(8) 
O4-Ce1-O3 85.00(7) O2-Ce1-O3 106.97(8) O6-Ce1-O3 159.54(7) 
O1-Ce1-O3 89.90(7) O4-Ce1-O5 114.67(7) O2-Ce1-O5 160.64(7) 
O6-Ce1-O5 84.82(7) O1-Ce1-O5 83.28(7) O3-Ce1-O5 82.55(7) 
O4-Ce1-C41 90.90(7) O2-Ce1-C41 162.94(8) O6-Ce1-C41 73.49(7) 
O1-Ce1-C41 107.91(7) O3-Ce1-C41 88.45(7) O5-Ce1-C41 25.29(7) 
O4-Ce1-C21 70.76(7) O2-Ce1-C21 87.48(8) O6-Ce1-C21 156.50(8) 
O1-Ce1-C21 98.01(8) O3-Ce1-C21 22.70(7) O5-Ce1-C21 104.51(7) 
C41-Ce1-C21 105.86(7) C20-O1-Ce1 119.53(16) C20-O1-K1 140.12(16) 
Ce1-O1-K1 93.13(6) C1-O2-Ce1 124.33(18) C1-O2-K2 139.80(18) 
Ce1-O2-K2 93.58(7) C21-O3-Ce1 117.19(16) C21-O3-K1 145.31(17) 
Ce1-O3-K1 86.08(6) C40-O4-Ce1 121.65(16) C40-O4-K2 143.00(16) 
Ce1-O4-K2 93.30(6) C41-O5-Ce1 109.48(14) C41-O5-K1 142.26(15) 
Ce1-O5-K1 98.05(6) C60-O6-Ce1 125.37(17) C60-O6-K2 146.15(16) 
Ce1-O6-K2 87.69(6) C72-O7-C61 111.5(3) C72-O7-K1 112.4(2) 
C61-O7-K1 101.59(18) C63-O8-C62 112.1(2) C63-O8-K1 121.64(18) 
C62-O8-K1 120.99(19) C65-O9-C64 112.0(3) C65-O9-K1 106.9(2) 
C64-O9-K1 107.7(2) C66-O10-C67 112.8(3) C66-O10-K1 123.7(2) 
C67-O10-K1 118.9(2) C68-O11-C69 110.8(3) C68-O11-K1 106.9(2) 
C69-O11-K1 104.6(2) C71-O12-C70 112.9(3) C71-O12-K1 120.3(2) 
C70-O12-K1 117.4(2) C73-O13-C84 112.3(3) C73-O13-K2 104.48(19) 
C84-O13-K2 105.7(2) C75-O14-C74 111.2(3) C75-O14-K2 122.5(2) 
C74-O14-K2 124.5(3) C77-O15-C76 110.0(3) C77-O15-K2 109.0(2) 
C76-O15-K2 101.1(3) C79-O16-C78 113.5(3) C79-O16-K2 120.7(2) 
C78-O16-K2 123.0(2) C80-O17-C81 111.7(3) C80-O17-K2 99.6(2) 
C81-O17-K2 108.9(2) C82-O18-C83 113.6(3) C82-O18-K2 120.3(2) 
C83-O18-K2 119.1(3) O2-C1-C10 121.4(3) O2-C1-C2 118.7(3) 
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C10-C1-C2 119.9(3) C3-C2-C1 121.1(4) C2-C3-C4 121.3(4) 
C3-C4-C9 118.7(3) C3-C4-C5 121.1(5) C9-C4-C5 120.3(5) 
C6-C5-C4 119.3(5) C5-C6-C7 121.5(5) C8-C7-C6 118.6(6) 
C7-C8-C9 122.7(6) C8-C9-C4 117.7(4) C8-C9-C10 122.2(4) 
C4-C9-C10 120.2(4) C1-C10-C9 118.7(3) C1-C10-C11 119.3(3) 
C9-C10-C11 121.9(3) C20-C11-C12 119.4(3) C20-C11-C10 120.4(2) 
C12-C11-C10 120.2(2) C17-C12-C13 118.4(3) C17-C12-C11 119.9(3) 
C13-C12-C11 121.8(3) C14-C13-C12 120.8(3) C13-C14-C15 119.9(3) 
C16-C15-C14 120.1(3) C15-C16-C17 122.2(4) C16-C17-C18 122.4(3) 
C16-C17-C12 118.6(3) C18-C17-C12 118.9(3) C19-C18-C17 120.9(3) 
C18-C19-C20 120.9(3) O1-C20-C11 122.0(3) O1-C20-C19 118.0(3) 
C11-C20-C19 120.0(3) O3-C21-C30 121.8(3) O3-C21-C22 118.8(3) 
C30-C21-C22 119.4(3) O3-C21-Ce1 40.11(12) C30-C21-Ce1 105.49(17) 
C22-C21-Ce1 120.40(19) C23-C22-C21 121.2(3) C22-C23-C24 121.0(3) 
C23-C24-C25 122.6(3) C23-C24-C29 118.8(3) C25-C24-C29 118.5(3) 
C26-C25-C24 121.5(3) C25-C26-C27 120.4(3) C28-C27-C26 120.2(3) 
C27-C28-C29 121.2(3) C30-C29-C28 122.1(3) C30-C29-C24 119.8(3) 
C28-C29-C24 118.1(3) C21-C30-C29 119.5(3) C21-C30-C31 121.1(2) 
C29-C30-C31 119.4(2) C40-C31-C32 119.5(3) C40-C31-C30 120.4(2) 
C32-C31-C30 120.1(3) C33-C32-C31 122.4(3) C33-C32-C37 118.1(3) 
C31-C32-C37 119.5(3) C34-C33-C32 120.8(4) C33-C34-C35 120.0(5) 
C36-C35-C34 121.0(4) C35-C36-C37 121.2(5) C38-C37-C36 122.4(4) 
C38-C37-C32 118.7(3) C36-C37-C32 118.8(4) C39-C38-C37 121.5(3) 
C38-C39-C40 121.1(3) O4-C40-C31 121.2(3) O4-C40-C39 119.1(3) 
C31-C40-C39 119.7(3) O5-C41-C50 121.4(2) O5-C41-C42 118.7(2) 
C50-C41-C42 119.9(2) O5-C41-Ce1 45.22(11) C50-C41-Ce1 105.69(16) 
C42-C41-Ce1 116.08(18) C43-C42-C41 120.5(3) C42-C43-C44 121.5(3) 
C43-C44-C45 122.4(3) C43-C44-C49 118.8(3) C45-C44-C49 118.8(3) 
C46-C45-C44 121.6(3) C45-C46-C47 119.6(3) C48-C47-C46 120.9(3) 
C47-C48-C49 121.4(3) C48-C49-C44 117.7(3) C48-C49-C50 122.7(3) 
C44-C49-C50 119.6(2) C41-C50-C49 119.4(2) C41-C50-C51 119.4(2) 
C49-C50-C51 121.2(2) C60-C51-C52 120.2(2) C60-C51-C50 120.7(2) 
C52-C51-C50 119.1(2) C53-C52-C51 123.1(3) C53-C52-C57 117.4(3) 
C51-C52-C57 119.5(3) C54-C53-C52 121.4(3) C53-C54-C55 120.7(3) 
C56-C55-C54 119.8(3) C55-C56-C57 120.8(3) C56-C57-C58 121.9(3) 
C56-C57-C52 119.9(3) C58-C57-C52 118.2(3) C59-C58-C57 121.1(3) 
C58-C59-C60 121.7(3) O6-C60-C51 121.5(2) O6-C60-C59 119.4(3) 
C51-C60-C59 119.1(3) O5-K1-O8 130.60(6) O5-K1-O10 77.18(6) 
O8-K1-O10 113.98(7) O5-K1-O12 100.65(7) O8-K1-O12 114.28(7) 
O10-K1-O12 115.37(8) O5-K1-O11 79.12(7) O8-K1-O11 149.00(7) 
O10-K1-O11 57.93(8) O12-K1-O11 58.35(8) O5-K1-O1 63.27(5) 
O8-K1-O1 89.53(6) O10-K1-O1 140.07(7) O12-K1-O1 78.96(7) 
O11-K1-O1 115.76(7) O5-K1-O7 135.93(6) O8-K1-O7 57.49(7) 
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O10-K1-O7 145.07(7) O12-K1-O7 57.05(7) O11-K1-O7 110.00(8) 
O1-K1-O7 74.63(6) O5-K1-O9 111.55(6) O8-K1-O9 57.72(6) 
O10-K1-O9 56.28(7) O12-K1-O9 141.91(7) O11-K1-O9 107.54(7) 
O1-K1-O9 133.43(6) O7-K1-O9 106.44(7) O5-K1-O3 59.04(5) 
O8-K1-O3 71.93(6) O10-K1-O3 94.08(6) O12-K1-O3 140.47(7) 
O11-K1-O3 134.77(7) O1-K1-O3 61.75(5) O7-K1-O3 111.90(6) 
O9-K1-O3 76.05(6) O7-C61-C62 108.2(3) O8-C62-C61 108.2(3) 
O8-C63-C64 109.7(3) O9-C64-C63 109.9(3) O9-C65-C66 109.7(3) 
O10-C66-C65 108.1(3) O10-C67-C68 109.3(3) O11-C68-C67 108.3(3) 
O11-C69-C70 105.6(4) O12-C70-C69 107.8(4) O12-C71-C72 107.7(3) 
O7-C72-C71 107.9(3) O14-K2-O16 113.44(8) O14-K2-O2 71.92(8) 
O16-K2-O2 134.85(7) O14-K2-O18 112.25(9) O16-K2-O18 111.86(8) 
O2-K2-O18 105.82(7) O14-K2-O4 103.02(8) O16-K2-O4 74.10(7) 
O2-K2-O4 61.46(6) O18-K2-O4 136.43(8) O14-K2-O17 145.17(9) 
O16-K2-O17 56.65(8) O2-K2-O17 140.81(7) O18-K2-O17 56.71(8) 
O4-K2-O17 105.00(7) O14-K2-O15 57.09(8) O16-K2-O15 56.53(7) 
O2-K2-O15 108.18(8) O18-K2-O15 137.21(8) O4-K2-O15 83.52(7) 
O17-K2-O15 106.19(8) O14-K2-O13 56.11(8) O16-K2-O13 141.18(7) 
O2-K2-O13 80.93(7) O18-K2-O13 56.79(9) O4-K2-O13 141.91(7) 
O17-K2-O13 108.25(8) O15-K2-O13 104.18(8) O14-K2-O6 134.62(8) 
O16-K2-O6 102.33(7) O2-K2-O6 63.04(6) O18-K2-O6 76.62(7) 
O4-K2-O6 60.29(5) O17-K2-O6 78.20(6) O15-K2-O6 142.95(6) 
O13-K2-O6 109.25(7) O13-C73-C74 109.4(4) O14-C74-C73 108.6(3) 
O14-C75-C76 108.6(4) O15-C76-C75 108.0(5) O15-C77-C78 107.6(3) 
O16-C78-C77 108.2(3) O16-C79-C80 108.3(3) O17-C80-C79 107.9(3) 
O17-C80-K2 56.69(17) C79-C80-K2 87.8(2) O17-C81-C82 106.9(4) 
O18-C82-C81 108.6(3) O18-C83-C84 108.2(3) O13-C84-C83 107.3(3) 
C85-C86-C87 120.3(7) C88-C87-C86 102.8(8) C87-C88-C89 114.6(6) 
 
Table 2.4.53. Bond lengths for compound 2.6–BINOL (Å). 
Ce1-O3  2.216(2) Ce1-O5  2.221(2) Ce1-O4  2.235(2) 
Ce1-O6  2.241(2) Ce1-O2  2.274(2) Ce1-O1  2.275(2) 
Ce1-C40  2.933(3) Ce1-C60  2.933(3) K1-O9  2.645(3) 
K1-O4  2.645(2) K1-O10  2.746(3) K1-O5  2.783(2) 
K1-O8#1  2.792(3) K2-O6  2.650(2) K2-O11  2.659(3) 
K2-O12  2.691(4) K2-O3  2.849(2) O1-C1  1.359(4) 
O2-C20  1.349(4) O3-C21  1.358(4) O4-C40  1.348(4) 
O5-C41  1.343(4) O6-C60  1.356(4) O7-C61  1.349(4) 
O8-C80  1.372(4) O9-C81  1.300(10) O9-C84  1.399(6) 
O9-C81'  1.597(15) O10-C88  1.407(6) O10-C85  1.412(6) 
O11-C92  1.383(6) O11-C89  1.430(6) O12-C96  1.412(8) 
O12-C93'  1.434(8) O12-C93  1.446(9) C1-C10  1.366(4) 
C1-C2  1.421(5) C2-C3  1.356(5) C3-C4  1.413(5) 
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C4-C9  1.415(5) C4-C5  1.426(6) C5-C6  1.361(7) 
C6-C7  1.393(7) C7-C8  1.360(6) C8-C9  1.421(5) 
C9-C10  1.427(5) C10-C11  1.498(4) C11-C20  1.376(4) 
C11-C12  1.418(5) C12-C13  1.421(5) C12-C17  1.424(5) 
C13-C14  1.373(5) C14-C15  1.402(6) C15-C16  1.340(6) 
C16-C17  1.441(5) C17-C18  1.392(6) C18-C19  1.373(5) 
C19-C20  1.420(5) C21-C30  1.379(4) C21-C22  1.421(5) 
C22-C23  1.352(5) C23-C24  1.404(5) C24-C25  1.411(5) 
C24-C29  1.416(4) C25-C26  1.365(6) C26-C27  1.388(5) 
C27-C28  1.378(5) C28-C29  1.409(5) C29-C30  1.440(4) 
C30-C31  1.492(4) C31-C40  1.385(4) C31-C32  1.423(4) 
C32-C33  1.412(5) C32-C37  1.437(4) C33-C34  1.366(5) 
C34-C35  1.393(6) C35-C36  1.362(6) C36-C37  1.409(5) 
C37-C38  1.414(5) C38-C39  1.353(5) C39-C40  1.432(4) 
C41-C50  1.391(5) C41-C42  1.414(5) C42-C43  1.370(5) 
C43-C44  1.397(6) C44-C45  1.413(5) C44-C49  1.428(5) 
C45-C46  1.362(7) C46-C47  1.389(7) C47-C48  1.364(5) 
C48-C49  1.421(5) C49-C50  1.435(5) C50-C51  1.489(5) 
C51-C60  1.387(4) C51-C52  1.432(5) C52-C57  1.419(5) 
C52-C53  1.422(5) C53-C54  1.369(5) C54-C55  1.399(6) 
C55-C56  1.365(6) C56-C57  1.413(5) C57-C58  1.410(5) 
C58-C59  1.355(5) C59-C60  1.416(5) C61-C70  1.384(4) 
C61-C62  1.407(5) C62-C63  1.367(5) C63-C64  1.404(5) 
C64-C65  1.415(5) C64-C69  1.418(5) C64-K1#2  3.210(3) 
C65-C66  1.367(6) C65-K1#2  3.407(4) C66-C67  1.397(7) 
C66-K1#2  3.495(4) C67-C68  1.367(6) C67-K1#2  3.430(4) 
C68-C69  1.432(5) C68-K1#2  3.252(4) C69-C70  1.426(5) 
C69-K1#2  3.102(3) C70-C71  1.477(5) C71-C80  1.379(5) 
C71-C72  1.429(5) C72-C73  1.424(5) C72-C77  1.429(5) 
C73-C74  1.377(5) C74-C75  1.387(7) C75-C76  1.359(7) 
C76-C77  1.426(5) C77-C78  1.410(6) C78-C79  1.351(5) 
C79-C80  1.430(5) C81-C82  1.713(12) C81'-C82  1.326(15) 
C82-C83  1.460(8) C83-C84  1.446(7) C85-C86  1.414(8) 
C86-C87  1.430(9) C87-C88  1.451(8) C89-C90  1.495(8) 
C89-C90'  1.528(8) C90-C91  1.524(9) C91-C92  1.590(8) 
C90'-C91'  1.524(9) C91'-C92  1.507(8) C93-C94  1.382(14) 
C93'-C94  1.767(16) C94-C95  1.472(11) C95-C96  1.411(9) 
C97-C98  1.561(8) C98-C99  1.509(7) C99-C100  1.513(7) 
C100-C101  1.576(7) C101-C102  1.527(8)   
 
Table 2.4.54 Bond angles for compound 2.6–BINOL (o). 
O3-Ce1-O5 108.77(8) O3-Ce1-O4 82.10(8) O5-Ce1-O4 83.68(8) 
O3-Ce1-O6 85.17(8) O5-Ce1-O6 79.82(8) O4-Ce1-O6 154.67(8) 
 230 
 
O3-Ce1-O2 151.82(8) O5-Ce1-O2 91.42(8) O4-Ce1-O2 80.80(8) 
O6-Ce1-O2 118.49(8) O3-Ce1-O1 88.70(8) O5-Ce1-O1 152.43(8) 
O4-Ce1-O1 120.69(8) O6-Ce1-O1 80.64(8) O2-Ce1-O1 81.05(8) 
O3-Ce1-C40 74.20(8) O5-Ce1-C40 109.72(8) O4-Ce1-C40 26.04(8) 
O6-Ce1-C40 159.09(8) O2-Ce1-C40 80.65(8) O1-Ce1-C40 95.27(8) 
O3-Ce1-C60 111.44(8) O5-Ce1-C60 73.35(8) O4-Ce1-C60 156.02(8) 
O6-Ce1-C60 26.30(8) O2-Ce1-C60 92.78(9) O1-Ce1-C60 80.52(8) 
C40-Ce1-C60 172.72(9) O9-K1-O4 92.96(10) O9-K1-O10 80.49(12) 
O4-K1-O10 99.72(8) O9-K1-O5 157.74(10) O4-K1-O5 66.35(7) 
O10-K1-O5 94.49(9) O9-K1-O8#1 95.21(11) O4-K1-O8#1 76.76(7) 
O10-K1-O8#1 174.38(9) O5-K1-O8#1 88.14(8) O6-K2-O11 99.29(9) 
O6-K2-O12 86.54(10) O11-K2-O12 79.23(13) O6-K2-O3 66.42(7) 
O11-K2-O3 93.36(9) O12-K2-O3 150.59(10) C1-O1-Ce1 120.16(18) 
C20-O2-Ce1 123.39(18) C21-O3-Ce1 133.58(19) C21-O3-K2 122.62(18) 
Ce1-O3-K2 99.93(8) C40-O4-Ce1 107.27(17) C40-O4-K1 144.46(18) 
Ce1-O4-K1 105.69(8) C41-O5-Ce1 133.18(19) C41-O5-K1 122.01(18) 
Ce1-O5-K1 101.72(8) C60-O6-Ce1 106.61(17) C60-O6-K2 143.41(18) 
Ce1-O6-K2 105.41(8) C81-O9-C84 103.4(5) C81-O9-C81' 38.9(7) 
C84-O9-C81' 101.4(6) C81-O9-K1 116.9(4) C84-O9-K1 139.6(4) 
C81'-O9-K1 107.8(6) C88-O10-C85 108.9(4) C88-O10-K1 138.2(3) 
C85-O10-K1 112.4(3) C92-O11-C89 110.8(4) C92-O11-K2 135.4(3) 
C89-O11-K2 110.5(3) C96-O12-C93' 104.1(7) C96-O12-C93 103.3(7) 
C93'-O12-C93 53.5(8) C96-O12-K2 110.6(4) C93'-O12-K2 143.2(6) 
C93-O12-K2 126.0(6) O1-C1-C10 120.8(3) O1-C1-C2 117.7(3) 
C10-C1-C2 121.5(3) C3-C2-C1 120.2(3) C2-C3-C4 120.8(3) 
C3-C4-C9 118.7(3) C3-C4-C5 122.6(4) C9-C4-C5 118.7(4) 
C6-C5-C4 121.3(4) C5-C6-C7 119.9(4) C8-C7-C6 120.6(5) 
C7-C8-C9 121.6(4) C4-C9-C8 117.9(3) C4-C9-C10 120.3(3) 
C8-C9-C10 121.8(3) C1-C10-C9 118.4(3) C1-C10-C11 121.2(3) 
C9-C10-C11 120.4(3) C20-C11-C12 119.3(3) C20-C11-C10 121.3(3) 
C12-C11-C10 119.3(3) C11-C12-C13 122.4(3) C11-C12-C17 119.7(3) 
C13-C12-C17 117.9(3) C14-C13-C12 120.5(4) C13-C14-C15 121.7(4) 
C16-C15-C14 119.4(4) C15-C16-C17 121.7(4) C18-C17-C12 119.1(3) 
C18-C17-C16 122.2(4) C12-C17-C16 118.8(4) C19-C18-C17 121.2(3) 
C18-C19-C20 119.8(4) O2-C20-C11 121.6(3) O2-C20-C19 117.8(3) 
C11-C20-C19 120.6(3) O3-C21-C30 121.9(3) O3-C21-C22 118.6(3) 
C30-C21-C22 119.5(3) C23-C22-C21 121.3(3) C22-C23-C24 121.2(3) 
C23-C24-C25 122.6(3) C23-C24-C29 118.6(3) C25-C24-C29 118.8(3) 
C26-C25-C24 121.7(4) C25-C26-C27 119.6(4) C28-C27-C26 120.6(4) 
C27-C28-C29 121.1(3) C28-C29-C24 118.3(3) C28-C29-C30 121.8(3) 
C24-C29-C30 119.8(3) C21-C30-C29 119.1(3) C21-C30-C31 121.9(3) 
C29-C30-C31 119.0(3) C40-C31-C32 120.2(3) C40-C31-C30 120.4(3) 
C32-C31-C30 119.3(3) C33-C32-C31 123.3(3) C33-C32-C37 117.0(3) 
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C31-C32-C37 119.7(3) C34-C33-C32 121.7(3) C33-C34-C35 121.1(4) 
C36-C35-C34 119.2(3) C35-C36-C37 121.8(3) C36-C37-C38 122.7(3) 
C36-C37-C32 119.1(3) C38-C37-C32 118.1(3) C39-C38-C37 121.5(3) 
C38-C39-C40 121.1(3) O4-C40-C31 121.3(3) O4-C40-C39 119.4(3) 
C31-C40-C39 119.3(3) O4-C40-Ce1 46.69(13) C31-C40-Ce1 107.78(19) 
C39-C40-Ce1 112.2(2) O5-C41-C50 122.8(3) O5-C41-C42 117.4(3) 
C50-C41-C42 119.8(3) C43-C42-C41 121.0(4) C42-C43-C44 121.4(3) 
C43-C44-C45 122.0(4) C43-C44-C49 118.6(3) C45-C44-C49 119.3(4) 
C46-C45-C44 120.7(4) C45-C46-C47 120.7(4) C48-C47-C46 120.4(4) 
C47-C48-C49 121.6(4) C48-C49-C44 117.3(3) C48-C49-C50 122.8(3) 
C44-C49-C50 119.8(3) C41-C50-C49 119.3(3) C41-C50-C51 120.9(3) 
C49-C50-C51 119.8(3) C60-C51-C52 118.8(3) C60-C51-C50 119.8(3) 
C52-C51-C50 121.4(3) C57-C52-C53 117.6(3) C57-C52-C51 119.8(3) 
C53-C52-C51 122.6(3) C54-C53-C52 122.2(4) C53-C54-C55 119.5(4) 
C56-C55-C54 120.2(4) C55-C56-C57 121.6(4) C58-C57-C56 122.0(4) 
C58-C57-C52 119.1(3) C56-C57-C52 118.9(3) C59-C58-C57 120.6(3) 
C58-C59-C60 121.2(3) O6-C60-C51 120.5(3) O6-C60-C59 119.2(3) 
C51-C60-C59 120.3(3) O6-C60-Ce1 47.09(13) C51-C60-Ce1 108.6(2) 
C59-C60-Ce1 109.6(2) O7-C61-C70 118.0(3) O7-C61-C62 121.0(3) 
C70-C61-C62 120.9(3) C63-C62-C61 121.0(3) C62-C63-C64 120.4(3) 
C63-C64-C65 120.8(4) C63-C64-C69 118.9(3) C65-C64-C69 120.3(3) 
C63-C64-K1#2 110.9(2) C65-C64-K1#2 85.6(2) C69-C64-K1#2 72.80(18) 
C66-C65-C64 120.4(4) C66-C65-K1#2 82.2(2) C64-C65-K1#2 69.96(19) 
C65-C66-C67 119.6(4) C65-C66-K1#2 75.0(2) C67-C66-K1#2 75.8(2) 
C68-C67-C66 122.0(4) C68-C67-K1#2 71.0(2) C66-C67-K1#2 81.0(2) 
C67-C68-C69 119.9(4) C67-C68-K1#2 85.6(2) C69-C68-K1#2 71.18(19) 
C64-C69-C70 120.5(3) C64-C69-C68 117.6(3) C70-C69-C68 121.8(4) 
C64-C69-K1#2 81.31(19) C70-C69-K1#2 104.20(19) C68-C69-K1#2 82.91(19) 
C61-C70-C69 118.3(3) C61-C70-C71 120.4(3) C69-C70-C71 121.3(3) 
C80-C71-C72 117.7(3) C80-C71-C70 120.6(3) C72-C71-C70 121.6(3) 
C73-C72-C77 117.4(3) C73-C72-C71 121.7(3) C77-C72-C71 120.9(3) 
C74-C73-C72 120.8(4) C73-C74-C75 121.3(4) C76-C75-C74 120.0(4) 
C75-C76-C77 121.0(4) C78-C77-C76 122.4(4) C78-C77-C72 118.2(3) 
C76-C77-C72 119.4(4) C79-C78-C77 121.7(4) C78-C79-C80 119.9(4) 
O8-C80-C71 119.2(3) O8-C80-C79 119.0(3) C71-C80-C79 121.7(3) 
O9-C81-C82 101.1(7) C82-C81'-O9 106.1(9) C81'-C82-C83 108.1(8) 
C81'-C82-C81 35.8(7) C83-C82-C81 101.1(5) C84-C83-C82 102.5(5) 
O9-C84-C83 111.3(5) O10-C85-C86 107.8(5) C85-C86-C87 108.8(6) 
C86-C87-C88 106.3(5) O10-C88-C87 107.9(5) O11-C89-C90 106.6(6) 
O11-C89-C90' 103.4(6) C90-C89-C90' 49.5(7) C89-C90-C91 94.2(7) 
C90-C91-C92 109.2(7) C91'-C90'-C89 111.7(8) C92-C91'-C90' 98.5(7) 
O11-C92-C91' 114.1(6) O11-C92-C91 99.8(5) C91'-C92-C91 32.4(7) 
C94-C93-O12 107.6(9) O12-C93'-C94 90.3(7) C93-C94-C95 97.7(8) 
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C93-C94-C93' 46.6(7) C95-C94-C93' 103.1(6) C96-C95-C94 104.1(7) 
C95-C96-O12 106.6(7) C99-C98-C97 107.7(7) C98-C99-C100 112.7(6) 
C99-C100-C101 110.7(6) C102-C101-C100 115.7(7)   
 
Table 2.4.55. Bond lengths for compound 2.7 (Å). 
Ce1-O4  2.359(5) Ce1-O5  2.363(6) Ce1-O3  2.374(6) 
Ce1-O6  2.381(5) Ce1-O1  2.389(5) Ce1-O2#1  2.406(5) 
Cs1-O5  3.088(7) Cs1-O2#1  3.235(6) Cs1-C9#1  3.359(9) 
Cs1-C52  3.420(8) Cs1-C10#1  3.439(9) Cs1-C51  3.447(9) 
Cs1-C4#1  3.482(10) Cs1-C57  3.539(9) Cs1-C60  3.629(8) 
Cs1-C1#1  3.674(8) Cs1-C3#1  3.716(9) Cs1-C59  3.763(10) 
Cs2-O10  3.082(8) Cs2-O4  3.137(6) Cs2-O1  3.322(6) 
Cs2-C12  3.403(9) Cs2-C17  3.471(9) Cs2-C29  3.478(9) 
Cs2-C30  3.483(8) Cs2-C11  3.503(8) Cs2-C24  3.594(10) 
Cs2-C21  3.617(9) Cs2-C18  3.602(9) Cs2-C20  3.642(8) 
Cs3-O3  2.983(6) Cs3-O6  3.074(6) Cs3-O9  3.250(11) 
Cs3-C49  3.383(10) Cs3-C32  3.374(10) Cs3-C50  3.451(9) 
Cs3-C31  3.465(9) Cs3-C44  3.489(10) Cs3-C37  3.676(11) 
Cs3-C41  3.690(9) Cs3-C43  3.711(11) Cs3-C21  3.747(9) 
O1-C1  1.384(10) O2-C20  1.343(10) O2-Ce1#1  2.406(5) 
O2-Cs1#1  3.235(6) O3-C21  1.278(10) O4-C40  1.303(11) 
O5-C41  1.350(10) O6-C60  1.336(10) C1-C2  1.350(11) 
C1-C10  1.436(11) C1-Cs1#1  3.674(8) C2-C3  1.350(13) 
C2-Cs1#1  3.761(10) C3-C4  1.431(13) C3-Cs1#1  3.716(9) 
C4-C9  1.418(13) C4-C5  1.416(14) C4-Cs1#1  3.482(10) 
C5-C6  1.354(17) C6-C7  1.347(16) C7-C8  1.383(14) 
C8-C9  1.416(12) C8-Cs1#1  3.913(10) C9-C10  1.409(11) 
C9-Cs1#1  3.359(9) C10-C11  1.528(11) C10-Cs1#1  3.439(9) 
C11-C20  1.374(12) C11-C12  1.407(13) C12-C17  1.417(13) 
C12-C13  1.456(13) C13-C14  1.356(14) C14-C15  1.364(15) 
C15-C16  1.368(15) C16-C17  1.404(13) C17-C18  1.424(14) 
C18-C19  1.351(12) C19-C20  1.412(12) C21-C30  1.438(11) 
C21-C22  1.427(13) C22-C23  1.323(14) C23-C24  1.395(16) 
C24-C25  1.410(16) C24-C29  1.417(15) C25-C26  1.42(2) 
C26-C27  1.37(2) C27-C28  1.331(15) C28-C29  1.369(14) 
C29-C30  1.442(13) C30-C31  1.496(14) C31-C40  1.393(15) 
C31-C32  1.386(13) C32-C37  1.417(17) C32-C33  1.477(18) 
C33-C34  1.346(17) C34-C35  1.50(2) C35-C36  1.27(2) 
C36-C37  1.414(15) C37-C38  1.334(19) C38-C39  1.334(15) 
C39-C40  1.440(13) C41-C42  1.377(15) C41-C50  1.385(12) 
C42-C43  1.421(16) C43-C44  1.406(16) C44-C49  1.352(16) 
C44-C45  1.397(15) C45-C46  1.344(18) C46-C47  1.39(2) 
C47-C48  1.425(14) C48-C49  1.519(13) C49-C50  1.421(13) 
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C50-C51  1.570(15) C51-C52  1.363(14) C51-C60  1.423(12) 
C52-C57  1.352(15) C52-C53  1.406(15) C53-C54  1.395(16) 
C54-C55  1.27(2) C55-C56  1.30(2) C56-C57  1.475(16) 
C57-C58  1.473(16) C58-C59  1.359(14) C59-C60  1.392(14) 
O9-C61  1.439(9) O9-C64  1.440(9) C61-C62  1.525(10) 
C62-C63  1.541(10) C63-C64  1.528(10) O10-C65  1.433(9) 
O10-C68  1.448(9) C65-C66  1.537(9) C66-C67  1.527(10) 
C67-C68  1.524(9)     
 
Table 2.4.56 Bond angles for compound 2.7 (o). 
O4-Ce1-O5 156.14(18) O4-Ce1-O3 75.24(19) O5-Ce1-O3 88.6(2) 
O4-Ce1-O6 85.6(2) O5-Ce1-O6 76.0(2) O3-Ce1-O6 87.1(2) 
O4-Ce1-O1 100.72(19) O5-Ce1-O1 95.7(2) O3-Ce1-O1 86.8(2) 
O6-Ce1-O1 169.8(2) O4-Ce1-O2#1 95.32(19) O5-Ce1-O2#1 99.2(2) 
O3-Ce1-O2#1 169.89(19) O6-Ce1-O2#1 88.62(19) O1-Ce1-O2#1 98.69(19) 
O5-Cs1-O2#1 70.09(14) O5-Cs1-C9#1 142.76(18) O2#1-Cs1-C9#1 73.17(17) 
O5-Cs1-C52 72.0(2) O2#1-Cs1-C52 101.4(2) C9#1-Cs1-C52 110.3(2) 
O5-Cs1-C10#1 121.73(18) O2#1-Cs1-C10#1 51.95(17) C9#1-Cs1-C10#1 23.9(2) 
C52-Cs1-C10#1 120.9(2) O5-Cs1-C51 51.6(2) O2#1-Cs1-C51 83.61(16) 
C9#1-Cs1-C51 118.6(2) C52-Cs1-C51 22.9(2) C10#1-Cs1-C51 119.0(2) 
O5-Cs1-C4#1 162.08(18) O2#1-Cs1-C4#1 93.27(18) C9#1-Cs1-C4#1 23.8(2) 
C52-Cs1-C4#1 119.5(2) C10#1-Cs1-C4#1 41.3(2) C51-Cs1-C4#1 135.5(2) 
O5-Cs1-C57 91.1(2) O2#1-Cs1-C57 98.0(2) C9#1-Cs1-C57 88.2(2) 
C52-Cs1-C57 22.3(3) C10#1-Cs1-C57 101.3(2) C51-Cs1-C57 39.5(2) 
C4#1-Cs1-C57 98.0(2) O5-Cs1-C60 53.93(18) O2#1-Cs1-C60 61.72(16) 
C9#1-Cs1-C60 102.6(2) C52-Cs1-C60 40.3(2) C10#1-Cs1-C60 97.4(2) 
C51-Cs1-C60 23.03(19) C4#1-Cs1-C60 124.5(2) C57-Cs1-C60 46.1(2) 
O5-Cs1-C1#1 115.88(17) O2#1-Cs1-C1#1 54.97(16) C9#1-Cs1-C1#1 40.7(2) 
C52-Cs1-C1#1 143.3(2) C10#1-Cs1-C1#1 22.99(19) C51-Cs1-C1#1 135.74(18) 
C4#1-Cs1-C1#1 46.5(2) C57-Cs1-C1#1 124.3(2) C60-Cs1-C1#1 112.73(18) 
O5-Cs1-C3#1 146.28(18) O2#1-Cs1-C3#1 92.30(16) C9#1-Cs1-C3#1 40.0(2) 
C52-Cs1-C3#1 141.3(2) C10#1-Cs1-C3#1 45.6(2) C51-Cs1-C3#1 157.7(2) 
C4#1-Cs1-C3#1 22.6(2) C57-Cs1-C3#1 120.5(2) C60-Cs1-C3#1 141.7(2) 
C1#1-Cs1-C3#1 37.67(19) O5-Cs1-C59 74.73(19) O2#1-Cs1-C59 59.29(17) 
C9#1-Cs1-C59 81.7(2) C52-Cs1-C59 45.5(2) C10#1-Cs1-C59 80.5(2) 
C51-Cs1-C59 38.8(2) C4#1-Cs1-C59 103.0(2) C57-Cs1-C59 39.0(2) 
C60-Cs1-C59 21.6(2) C1#1-Cs1-C59 99.8(2) C3#1-Cs1-C59 121.5(2) 
O10-Cs2-O4 75.94(19) O10-Cs2-O1 135.76(19) O4-Cs2-O1 68.88(13) 
O10-Cs2-C12 143.8(2) O4-Cs2-C12 138.30(18) O1-Cs2-C12 70.39(18) 
O10-Cs2-C17 120.1(2) O4-Cs2-C17 159.86(17) O1-Cs2-C17 91.15(17) 
C12-Cs2-C17 23.8(2) O10-Cs2-C29 91.0(3) O4-Cs2-C29 71.0(2) 
O1-Cs2-C29 101.67(19) C12-Cs2-C29 109.4(2) C17-Cs2-C29 117.6(2) 
O10-Cs2-C30 94.8(2) O4-Cs2-C30 49.82(19) O1-Cs2-C30 82.61(15) 
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C12-Cs2-C30 116.2(2) C17-Cs2-C30 132.8(2) C29-Cs2-C30 23.9(2) 
O10-Cs2-C11 147.5(2) O4-Cs2-C11 118.80(17) O1-Cs2-C11 50.07(16) 
C12-Cs2-C11 23.5(2) C17-Cs2-C11 41.1(2) C29-Cs2-C11 120.6(2) 
C30-Cs2-C11 116.99(18) O10-Cs2-C24 108.0(3) O4-Cs2-C24 90.65(19) 
O1-Cs2-C24 98.6(2) C12-Cs2-C24 86.8(2) C17-Cs2-C24 95.1(2) 
C29-Cs2-C24 23.0(2) C30-Cs2-C24 40.8(2) C11-Cs2-C24 100.9(2) 
O10-Cs2-C21 115.8(2) O4-Cs2-C21 53.17(18) O1-Cs2-C21 60.92(16) 
C12-Cs2-C21 98.5(2) C17-Cs2-C21 119.9(2) C29-Cs2-C21 41.1(2) 
C30-Cs2-C21 23.28(17) C11-Cs2-C21 94.64(18) C24-Cs2-C21 46.7(2) 
O10-Cs2-C18 105.1(2) O4-Cs2-C18 148.67(18) O1-Cs2-C18 92.37(16) 
C12-Cs2-C18 40.7(2) C17-Cs2-C18 23.1(2) C29-Cs2-C18 139.3(2) 
C30-Cs2-C18 155.7(2) C11-Cs2-C18 46.57(19) C24-Cs2-C18 117.6(2) 
C21-Cs2-C18 138.9(2) O10-Cs2-C20 126.8(2) O4-Cs2-C20 114.74(17) 
O1-Cs2-C20 53.47(15) C12-Cs2-C20 40.0(2) C17-Cs2-C20 46.7(2) 
C29-Cs2-C20 142.1(2) C30-Cs2-C20 133.19(18) C11-Cs2-C20 22.07(19) 
C24-Cs2-C20 123.0(2) C21-Cs2-C20 109.92(18) C18-Cs2-C20 39.38(18) 
O3-Cs3-O6 65.46(15) O3-Cs3-O9 77.2(3) O6-Cs3-O9 139.7(2) 
O3-Cs3-C49 99.93(19) O6-Cs3-C49 73.2(2) O9-Cs3-C49 100.0(3) 
O3-Cs3-C32 73.98(19) O6-Cs3-C32 93.2(2) O9-Cs3-C32 90.6(3) 
C49-Cs3-C32 166.4(3) O3-Cs3-C50 81.23(17) O6-Cs3-C50 51.2(2) 
O9-Cs3-C50 110.2(3) C49-Cs3-C50 24.0(2) C32-Cs3-C50 143.1(2) 
O3-Cs3-C31 51.84(18) O6-Cs3-C31 77.2(2) O9-Cs3-C31 91.9(3) 
C49-Cs3-C31 146.1(2) C32-Cs3-C31 23.3(2) C50-Cs3-C31 122.3(2) 
O3-Cs3-C44 97.4(2) O6-Cs3-C44 92.2(2) O9-Cs3-C44 77.5(3) 
C49-Cs3-C44 22.6(3) C32-Cs3-C44 166.8(3) C50-Cs3-C44 41.0(3) 
C31-Cs3-C44 149.2(2) O3-Cs3-C37 91.02(19) O6-Cs3-C37 86.8(2) 
O9-Cs3-C37 109.2(3) C49-Cs3-C37 150.4(3) C32-Cs3-C37 22.7(3) 
C50-Cs3-C37 136.8(3) C31-Cs3-C37 39.7(2) C44-Cs3-C37 170.3(3) 
O3-Cs3-C41 60.65(16) O6-Cs3-C41 52.84(19) O9-Cs3-C41 96.2(3) 
C49-Cs3-C41 39.80(19) C32-Cs3-C41 131.0(2) C50-Cs3-C41 22.05(19) 
C31-Cs3-C41 107.77(19) C44-Cs3-C41 46.3(2) C37-Cs3-C41 136.8(2) 
O3-Cs3-C43 76.8(2) O6-Cs3-C43 91.2(2) O9-Cs3-C43 65.0(3) 
C49-Cs3-C43 38.7(3) C32-Cs3-C43 145.4(3) C50-Cs3-C43 45.6(3) 
C31-Cs3-C43 127.7(2) C44-Cs3-C43 22.2(2) C37-Cs3-C43 167.3(2) 
C41-Cs3-C43 38.6(3) O3-Cs3-C21 17.61(16) O6-Cs3-C21 79.15(17) 
O9-Cs3-C21 68.1(3) C49-Cs3-C21 115.72(19) C32-Cs3-C21 60.5(2) 
C50-Cs3-C21 98.57(18) C31-Cs3-C21 41.1(2) C44-Cs3-C21 108.8(2) 
C37-Cs3-C21 80.5(2) C41-Cs3-C21 77.45(17) C43-Cs3-C21 86.8(2) 
C1-O1-Ce1 136.3(5) C1-O1-Cs2 119.3(4) C20-O2-Ce1#1 139.3(5) 
C20-O2-Cs1#1 116.6(5) C21-O3-Ce1 123.6(5) C21-O3-Cs3 117.5(5) 
C40-O4-Ce1 120.5(5) C40-O4-Cs2 121.2(5) C41-O5-Ce1 121.4(5) 
C41-O5-Cs1 121.9(5) C60-O6-Ce1 120.9(5) C60-O6-Cs3 120.5(5) 
C2-C1-O1 120.4(8) C2-C1-C10 118.0(8) O1-C1-C10 121.5(7) 
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C2-C1-Cs1#1 83.2(5) O1-C1-Cs1#1 114.6(5) C10-C1-Cs1#1 69.3(5) 
C3-C2-C1 124.2(9) C3-C2-Cs1#1 77.7(6) C1-C2-Cs1#1 75.9(5) 
C2-C3-C4 120.0(8) C2-C3-Cs1#1 81.5(6) C4-C3-Cs1#1 69.4(5) 
C9-C4-C5 118.9(9) C9-C4-C3 118.1(8) C5-C4-C3 122.9(9) 
C9-C4-Cs1#1 73.2(5) C5-C4-Cs1#1 111.1(7) C3-C4-Cs1#1 87.9(6) 
C6-C5-C4 119.7(10) C5-C6-C7 121.9(10) C6-C7-C8 121.2(10) 
C7-C8-C9 119.3(9) C7-C8-Cs1#1 104.0(7) C9-C8-Cs1#1 57.0(5) 
C4-C9-C10 119.6(8) C4-C9-C8 118.5(8) C10-C9-C8 121.8(8) 
C4-C9-Cs1#1 83.0(6) C10-C9-Cs1#1 81.3(5) C8-C9-Cs1#1 102.3(6) 
C9-C10-C1 120.1(8) C9-C10-C11 121.5(7) C1-C10-C11 118.5(7) 
C9-C10-Cs1#1 74.8(5) C1-C10-Cs1#1 87.7(5) C11-C10-Cs1#1 106.9(5) 
C20-C11-C12 120.7(8) C20-C11-C10 121.2(8) C12-C11-C10 118.1(7) 
C20-C11-Cs2 84.7(5) C12-C11-Cs2 74.3(5) C10-C11-Cs2 111.4(5) 
C11-C12-C17 120.2(8) C11-C12-C13 123.8(8) C17-C12-C13 115.9(8) 
C11-C12-Cs2 82.3(5) C17-C12-Cs2 80.8(5) C13-C12-Cs2 108.4(5) 
C14-C13-C12 121.3(9) C13-C14-C15 121.6(10) C16-C15-C14 119.6(9) 
C15-C16-C17 121.8(10) C16-C17-C18 121.6(8) C16-C17-C12 119.7(9) 
C18-C17-C12 118.7(8) C16-C17-Cs2 111.1(6) C18-C17-Cs2 83.6(5) 
C12-C17-Cs2 75.4(5) C19-C18-C17 118.5(8) C19-C18-Cs2 82.2(5) 
C17-C18-Cs2 73.3(5) C18-C19-C20 124.1(9) C18-C19-Cs2 76.4(5) 
C20-C19-Cs2 77.7(5) O2-C20-C11 124.3(7) O2-C20-C19 118.0(8) 
C11-C20-C19 117.7(8) O2-C20-Cs2 116.4(5) C11-C20-Cs2 73.3(5) 
C19-C20-Cs2 80.0(5) O3-C21-C30 120.7(8) O3-C21-C22 124.0(8) 
C30-C21-C22 115.2(8) O3-C21-Cs2 111.9(6) C30-C21-Cs2 73.1(5) 
C22-C21-Cs2 80.8(5) O3-C21-Cs3 44.9(4) C30-C21-Cs3 89.4(5) 
C22-C21-Cs3 141.6(6) Cs2-C21-Cs3 136.6(3) C23-C22-C21 125.0(9) 
C23-C22-Cs2 81.6(6) C21-C22-Cs2 76.7(5) C22-C23-C24 120.9(10) 
C22-C23-Cs2 77.8(6) C24-C23-Cs2 74.2(6) C23-C24-C25 119.2(11) 
C23-C24-C29 119.2(9) C25-C24-C29 121.5(12) C23-C24-Cs2 83.9(6) 
C25-C24-Cs2 110.0(7) C29-C24-Cs2 73.9(5) C26-C25-C24 115.7(14) 
C27-C26-C25 122.6(12) C28-C27-C26 118.6(12) C27-C28-C29 124.8(12) 
C28-C29-C24 116.7(10) C28-C29-C30 123.6(9) C24-C29-C30 119.6(9) 
C28-C29-Cs2 107.1(7) C24-C29-Cs2 83.1(5) C30-C29-Cs2 78.2(5) 
C21-C30-C29 120.0(9) C21-C30-C31 120.3(8) C29-C30-C31 119.8(7) 
C21-C30-Cs2 83.6(5) C29-C30-Cs2 77.9(5) C31-C30-Cs2 109.7(6) 
C40-C31-C32 120.7(10) C40-C31-C30 114.4(8) C32-C31-C30 124.7(10) 
C40-C31-Cs3 92.1(6) C32-C31-Cs3 74.7(5) C30-C31-Cs3 99.7(5) 
C31-C32-C37 120.3(11) C31-C32-C33 120.7(11) C37-C32-C33 119.0(10) 
C31-C32-Cs3 82.0(6) C37-C32-Cs3 90.7(6) C33-C32-Cs3 96.1(7) 
C34-C33-C32 119.1(14) C34-C33-Cs3 106.8(8) C32-C33-Cs3 61.3(5) 
C33-C34-C35 117.6(14) C36-C35-C34 124.3(12) C35-C36-C37 119.8(14) 
C38-C37-C32 119.6(10) C38-C37-C36 120.3(12) C32-C37-C36 120.1(13) 
C38-C37-Cs3 93.6(6) C32-C37-Cs3 66.6(5) C36-C37-Cs3 108.0(8) 
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C39-C38-C37 120.6(12) C38-C39-C40 123.6(12) O4-C40-C31 126.6(8) 
O4-C40-C39 118.2(9) C31-C40-C39 115.1(9) O4-C40-Cs3 113.4(5) 
C31-C40-Cs3 66.3(5) C39-C40-Cs3 87.2(6) O5-C41-C42 118.7(8) 
O5-C41-C50 122.8(9) C42-C41-C50 118.5(9) O5-C41-Cs3 113.3(5) 
C42-C41-Cs3 85.4(6) C50-C41-Cs3 69.2(5) C41-C42-C43 121.8(9) 
C41-C42-Cs3 73.6(6) C43-C42-Cs3 74.3(6) C44-C43-C42 119.1(11) 
C44-C43-Cs3 70.0(6) C42-C43-Cs3 84.0(6) C49-C44-C43 118.5(10) 
C49-C44-C45 119.0(11) C43-C44-C45 122.5(12) C49-C44-Cs3 74.3(6) 
C43-C44-Cs3 87.8(6) C45-C44-Cs3 107.7(8) C46-C45-C44 124.1(14) 
C45-C46-C47 117.6(12) C46-C47-C48 125.0(11) C47-C48-C49 112.3(11) 
C47-C48-Cs3 102.4(7) C49-C48-Cs3 58.8(5) C44-C49-C50 122.4(9) 
C44-C49-C48 121.5(9) C50-C49-C48 115.3(9) C44-C49-Cs3 83.1(7) 
C50-C49-Cs3 80.7(5) C48-C49-Cs3 98.6(5) C41-C50-C49 119.5(10) 
C41-C50-C51 118.0(8) C49-C50-C51 122.5(8) C41-C50-Cs3 88.7(6) 
C49-C50-Cs3 75.3(5) C51-C50-Cs3 106.1(5) C52-C51-C60 121.7(10) 
C52-C51-C50 122.1(8) C60-C51-C50 116.2(8) C52-C51-Cs1 77.5(5) 
C60-C51-Cs1 85.7(5) C50-C51-Cs1 107.3(5) C57-C52-C51 120.8(10) 
C57-C52-C53 114.2(10) C51-C52-C53 124.9(11) C57-C52-Cs1 83.8(6) 
C51-C52-Cs1 79.7(5) C53-C52-Cs1 104.1(6) C54-C53-C52 122.3(12) 
C55-C54-C53 121.2(13) C54-C55-C56 120.7(13) C55-C56-C57 120.3(14) 
C52-C57-C58 118.8(9) C52-C57-C56 120.3(11) C58-C57-C56 120.9(11) 
C52-C57-Cs1 73.9(5) C58-C57-Cs1 87.0(5) C56-C57-Cs1 107.7(7) 
C59-C58-C57 119.4(10) C59-C58-Cs1 79.6(6) C57-C58-Cs1 70.0(5) 
C58-C59-C60 121.1(10) C58-C59-Cs1 79.6(6) C60-C59-Cs1 73.8(5) 
O6-C60-C59 119.9(8) O6-C60-C51 122.2(9) C59-C60-C51 117.9(9) 
O6-C60-Cs1 111.9(4) C59-C60-Cs1 84.6(6) C51-C60-Cs1 71.3(5) 
O6-C60-Cs3 42.5(4) C59-C60-Cs3 142.3(6) C51-C60-Cs3 89.8(6) 
Cs1-C60-Cs3 130.8(2) C61-O9-C64 112.6(15) C61-O9-Cs3 119.8(10) 
C64-O9-Cs3 121.3(11) O9-C61-C62 106.8(16) C61-C62-C63 92.6(16) 
C64-C63-C62 108(2) O9-C64-C63 87.5(15) C65-O10-C68 111.0(11) 
C65-O10-Cs2 103.6(7) C68-O10-Cs2 123.1(10) O10-C65-C66 107.6(12) 
O10-C65-Cs2 54.2(5) C66-C65-Cs2 135.2(13) C67-C66-C65 105.6(15) 
C66-C67-C68 105.0(16) O10-C68-C67 107.6(13)   
 
Table 2.4.57. Bond lengths for compound 2.8 (Å). 
Ce1-O3#1  2.202(19) Ce1-O3  2.202(17) Ce1-O2#1  2.203(8) 
Ce1-O2  2.203(7) Ce1-O1#1  2.212(7) Ce1-O1  2.212(7) 
Ce1-O3'#1  2.22(3) Ce1-O3'  2.22(3) Ce1-O2'#1  2.521(16) 
Ce1-O2'  2.521(16) Ce1-Cs2  4.2491(16) Ce1-Cs1#2  4.3335(5) 
Cs1-O2#3  2.998(14) Cs1-O2  2.998(9) Cs1-O2'#3  3.13(2) 
Cs1-O2'  3.128(19) Cs1-O1#3  3.333(7) Cs1-O1  3.333(7) 
Cs1-C6#4  3.406(8) Cs1-C6#1  3.406(10) Cs1-C5#4  3.545(9) 
Cs1-C5#1  3.545(14) Cs1-C1#4  3.554(4) Cs1-C1#1  3.554(4) 
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Cs2-O3#1  3.048(19) Cs2-O3  3.048(16) Cs2-O3'#1  3.08(3) 
Cs2-O3'  3.08(3) Cs2-C26#1  3.426(9) Cs2-C26  3.426(9) 
Cs2-C21#1  3.497(10) Cs2-C21  3.497(10) Cs2-C26'#1  3.512(15) 
Cs2-C26'  3.512(14) Cs2-C21'#1  3.608(16) Cs2-C21'  3.608(16) 
O1-C2  1.330(9) C1-C2  1.3900 C1-C6  1.3900 
C1-C1#1  1.560(9) C1-Cs1#2  3.554(4) C2-C3  1.3900 
C2-Cs1#2  3.824(4) C3-C4  1.3900 C4-C5  1.3900 
C4-Cs1#2  3.815(6) C5-C6  1.3900 C5-C10  1.3900 
C5-Cs1#2  3.545(5) C6-C7  1.3900 C6-Cs1#2  3.406(4) 
C7-C8  1.3900 C8-C9  1.3900 C9-C10  1.3900 
O2-C22  1.370(10) C21-C22  1.3900 C21-C26  1.3900 
C21-C31  1.587(12) C22-C23  1.3900 C23-C24  1.3900 
C24-C25  1.3900 C25-C26  1.3900 C25-C30  1.3900 
C26-C27  1.3900 C27-C28  1.3900 C28-C29  1.3900 
C29-C30  1.3900 O3-C32  1.421(17) C31-C32  1.3900 
C31-C36  1.3900 C32-C33  1.3900 C33-C34  1.3900 
C34-C35  1.3900 C35-C36  1.3900 C35-C40  1.3900 
C36-C37  1.3900 C37-C38  1.3900 C38-C39  1.3900 
C39-C40  1.3900 O2'-C22'  1.19(2) C21'-C22'  1.3900 
C21'-C26'  1.3900 C21'-C31'  1.517(18) C22'-C23'  1.3900 
C23'-C24'  1.3900 C24'-C25'  1.3900 C25'-C26'  1.3900 
C25'-C30'  1.3900 C26'-C27'  1.3900 C27'-C28'  1.3900 
C28'-C29'  1.3900 C29'-C30'  1.3900 O3'-C32'  1.34(3) 
C31'-C32'  1.3900 C31'-C36'  1.3900 C32'-C33'  1.3900 
C33'-C34'  1.3900 C34'-C35'  1.3900 C35'-C36'  1.3900 
C35'-C40'  1.3900 C36'-C37'  1.3900 C37'-C38'  1.3900 
C38'-C39'  1.3900 C39'-C40'  1.3900   
 
Table 2.4.58 Bond angles for compound 2.8 (o). 
O3#1-Ce1-O3 86.7(9) O3#1-Ce1-O2#1 84.5(5) O3-Ce1-O2#1 87.0(4) 
O3#1-Ce1-O2 87.0(5) O3-Ce1-O2 84.5(4) O2#1-Ce1-O2 168.3(3) 
O3#1-Ce1-O1#1 97.1(5) O3-Ce1-O1#1 170.2(3) O2#1-Ce1-O1#1 84.4(3) 
O2-Ce1-O1#1 104.6(3) O3#1-Ce1-O1 170.2(5) O3-Ce1-O1 97.1(5) 
O2#1-Ce1-O1 104.6(3) O2-Ce1-O1 84.4(3) O1#1-Ce1-O1 80.5(4) 
O3#1-Ce1-O3'#1 9.2(11) O3-Ce1-O3'#1 87.0(6) O2#1-Ce1-O3'#1 75.3(8) 
O2-Ce1-O3'#1 96.2(8) O1#1-Ce1-O3'#1 95.3(8) O1-Ce1-O3'#1 175.8(8) 
O3#1-Ce1-O3' 87.0(5) O3-Ce1-O3' 9.2(7) O2#1-Ce1-O3' 96.2(6) 
O2-Ce1-O3' 75.3(6) O1#1-Ce1-O3' 175.8(7) O1-Ce1-O3' 95.3(7) 
O3'#1-Ce1-O3' 88.8(14) O3#1-Ce1-O2'#1 92.0(7) O3-Ce1-O2'#1 77.8(6) 
O2#1-Ce1-O2'#1 12.2(5) O2-Ce1-O2'#1 162.3(6) O1#1-Ce1-O2'#1 93.1(6) 
O1-Ce1-O2'#1 97.6(6) O3'#1-Ce1-O2'#1 83.1(9) O3'-Ce1-O2'#1 86.9(7) 
O3#1-Ce1-O2' 77.8(6) O3-Ce1-O2' 92.0(4) O2#1-Ce1-O2' 162.3(5) 
O2-Ce1-O2' 12.2(3) O1#1-Ce1-O2' 97.6(3) O1-Ce1-O2' 93.1(4) 
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O3'#1-Ce1-O2' 86.9(8) O3'-Ce1-O2' 83.1(5) O2'#1-Ce1-O2' 166.0(9) 
O3#1-Ce1-Cs2 43.3(5) O3-Ce1-Cs2 43.3(4) O2#1-Ce1-Cs2 84.16(13) 
O2-Ce1-Cs2 84.2(2) O1#1-Ce1-Cs2 139.73(19) O1-Ce1-Cs2 139.73(19) 
O3'#1-Ce1-Cs2 44.4(8) O3'-Ce1-Cs2 44.4(7) O2'#1-Ce1-Cs2 83.0(6) 
O2'-Ce1-Cs2 83.0(4) O3#1-Ce1-Cs1#2 105.6(4) O3-Ce1-Cs1#2 121.3(2) 
O2#1-Ce1-Cs1#2 39.91(11) O2-Ce1-Cs1#2 151.3(2) O1#1-Ce1-Cs1#2 49.07(19) 
O1-Ce1-Cs1#2 80.2(2) O3'#1-Ce1-Cs1#2 97.5(8) O3'-Ce1-Cs1#2 129.9(4) 
O2'#1-Ce1-Cs1#2 45.4(6) O2'-Ce1-Cs1#2 146.6(3) Cs2-Ce1-Cs1#2 122.764(16) 
O2#3-Cs1-O2 97.51(16) O2#3-Cs1-O2'#3 10.9(4) O2-Cs1-O2'#3 90.1(4) 
O2#3-Cs1-O2' 90.1(3) O2-Cs1-O2' 10.9(3) O2'#3-Cs1-O2' 83.9(6) 
O2#3-Cs1-O1#3 55.56(17) O2-Cs1-O1#3 151.98(18) O2'#3-Cs1-O1#3 64.3(4) 
O2'-Cs1-O1#3 142.4(3) O2#3-Cs1-O1 152.0(2) O2-Cs1-O1 55.56(17) 
O2'#3-Cs1-O1 142.4(3) O2'-Cs1-O1 64.3(3) O1#3-Cs1-O1 152.2(3) 
O2#3-Cs1-C6#4 103.04(17) O2-Cs1-C6#4 131.1(3) O2'#3-Cs1-C6#4 102.5(4) 
O2'-Cs1-C6#4 141.3(3) O1#3-Cs1-C6#4 69.2(2) O1-Cs1-C6#4 91.85(18) 
O2#3-Cs1-C6#1 131.1(4) O2-Cs1-C6#1 103.04(12) O2'#3-Cs1-C6#1 141.3(3) 
O2'-Cs1-C6#1 102.5(3) O1#3-Cs1-C6#1 91.85(16) O1-Cs1-C6#1 69.25(16) 
C6#4-Cs1-C6#1 96.0(4) O2#3-Cs1-C5#4 104.6(3) O2-Cs1-C5#4 108.7(3) 
O2'#3-Cs1-C5#4 99.8(4) O2'-Cs1-C5#4 118.6(3) O1#3-Cs1-C5#4 87.7(2) 
O1-Cs1-C5#4 80.25(16) C6#4-Cs1-C5#4 22.96(7) C6#1-Cs1-C5#4 109.8(3) 
O2#3-Cs1-C5#1 108.7(3) O2-Cs1-C5#1 104.64(13) O2'#3-Cs1-C5#1 118.6(3) 
O2'-Cs1-C5#1 99.8(2) O1#3-Cs1-C5#1 80.25(18) O1-Cs1-C5#1 87.70(16) 
C6#4-Cs1-C5#1 109.8(4) C6#1-Cs1-C5#1 22.96(9) C5#4-Cs1-C5#1 128.4(3) 
O2#3-Cs1-C1#4 82.06(16) O2-Cs1-C1#4 144.9(2) O2'#3-Cs1-C1#4 83.6(4) 
O2'-Cs1-C1#4 151.48(18) O1#3-Cs1-C1#4 48.16(14) O1-Cs1-C1#4 114.76(14) 
C6#4-Cs1-C1#4 22.91(11) C6#1-Cs1-C1#4 103.35(19) C5#4-Cs1-C1#4 39.65(17) 
C5#1-Cs1-C1#4 108.72(19) O2#3-Cs1-C1#1 144.9(4) O2-Cs1-C1#1 82.06(10) 
O2'#3-Cs1-C1#1 151.5(4) O2'-Cs1-C1#1 83.6(3) O1#3-Cs1-C1#1 114.76(14) 
O1-Cs1-C1#1 48.16(14) C6#4-Cs1-C1#1 103.3(2) C6#1-Cs1-C1#1 22.91(7) 
C5#4-Cs1-C1#1 108.7(2) C5#1-Cs1-C1#1 39.65(9) C1#4-Cs1-C1#1 117.92(15) 
O3#1-Cs2-O3 59.4(7) O3#1-Cs2-O3'#1 6.6(7) O3-Cs2-O3'#1 59.5(4) 
O3#1-Cs2-O3' 59.5(4) O3-Cs2-O3' 6.6(5) O3'#1-Cs2-O3' 60.4(10) 
O3#1-Cs2-C26#1 74.1(5) O3-Cs2-C26#1 89.1(6) O3'#1-Cs2-C26#1 67.6(6) 
O3'-Cs2-C26#1 95.3(6) O3#1-Cs2-C26 89.1(3) O3-Cs2-C26 74.1(2) 
O3'#1-Cs2-C26 95.3(3) O3'-Cs2-C26 67.6(4) C26#1-Cs2-C26 160.8(6) 
O3#1-Cs2-C21#1 52.0(3) O3-Cs2-C21#1 72.4(3) O3'#1-Cs2-C21#1 45.4(5) 
O3'-Cs2-C21#1 77.8(4) C26#1-Cs2-C21#1 23.1(5) C26-Cs2-C21#1 138.0(3) 
O3#1-Cs2-C21 72.4(3) O3-Cs2-C21 51.99(18) O3'#1-Cs2-C21 77.8(2) 
O3'-Cs2-C21 45.4(4) C26#1-Cs2-C21 138.0(6) C26-Cs2-C21 23.14(6) 
C21#1-Cs2-C21 116.2(3) O3#1-Cs2-C26'#1 78.9(8) O3-Cs2-C26'#1 84.4(10) 
O3'#1-Cs2-C26'#1 72.3(9) O3'-Cs2-C26'#1 90.9(10) C26#1-Cs2-C26'#1 9.6(15) 
C26-Cs2-C26'#1 158.5(9) C21#1-Cs2-C26'#1 26.9(8) C21-Cs2-C26'#1 135.6(9) 
O3#1-Cs2-C26' 84.4(4) O3-Cs2-C26' 78.9(3) O3'#1-Cs2-C26' 90.9(5) 
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O3'-Cs2-C26' 72.3(4) C26#1-Cs2-C26' 158.5(5) C26-Cs2-C26' 9.6(3) 
C21#1-Cs2-C26' 135.6(2) C21-Cs2-C26' 26.9(3) C26'#1-Cs2-C26' 160.7(9) 
O3#1-Cs2-C21'#1 57.3(4) O3-Cs2-C21'#1 69.0(3) O3'#1-Cs2-C21'#1 50.7(5) 
O3'-Cs2-C21'#1 74.8(5) C26#1-Cs2-C21'#1 21.8(6) C26-Cs2-C21'#1 139.12(19) 
C21#1-Cs2-C21'#1 8.1(3) C21-Cs2-C21'#1 116.26(19) C26'#1-Cs2-C21'#1 22.5(8) 
C26'-Cs2-C21'#1 138.7(5) O3#1-Cs2-C21' 69.0(3) O3-Cs2-C21' 57.3(3) 
O3'#1-Cs2-C21' 74.8(4) O3'-Cs2-C21' 50.7(3) C26#1-Cs2-C21' 139.1(5) 
C26-Cs2-C21' 21.8(4) C21#1-Cs2-C21' 116.26(19) C21-Cs2-C21' 8.1(3) 
C26'#1-Cs2-C21' 138.7(9) C26'-Cs2-C21' 22.46(9) C21'#1-Cs2-C21' 117.6(5) 
C2-O1-Ce1 122.0(5) C2-O1-Cs1 118.1(4) Ce1-O1-Cs1 100.8(3) 
C2-C1-C6 120.0 C2-C1-C1#1 115.4(2) C6-C1-C1#1 124.5(2) 
C2-C1-Cs1#2 90.35(17) C6-C1-Cs1#2 72.56(10) C1#1-C1-Cs1#2 110.8(3) 
O1-C2-C3 116.2(4) O1-C2-C1 123.6(4) C3-C2-C1 120.0 
O1-C2-Cs1#2 113.2(4) C3-C2-Cs1#2 84.77(17) C1-C2-Cs1#2 68.34(15) 
C2-C3-C4 120.0 C5-C4-C3 120.0 C5-C4-Cs1#2 68.29(14) 
C3-C4-Cs1#2 85.12(9) C6-C5-C4 120.0 C6-C5-C10 120.0 
C4-C5-C10 120.0 C6-C5-Cs1#2 72.91(17) C4-C5-Cs1#2 90.35(17) 
C10-C5-Cs1#2 106.72(10) C7-C6-C5 120.0 C7-C6-C1 120.0 
C5-C6-C1 120.0 C7-C6-Cs1#2 101.40(17) C5-C6-Cs1#2 84.13(18) 
C1-C6-Cs1#2 84.53(11) C6-C7-C8 120.0 C9-C8-C7 120.0 
C10-C9-C8 120.0 C9-C10-C5 120.0 C22-O2-Ce1 120.4(8) 
C22-O2-Cs1 126.1(7) Ce1-O2-Cs1 111.96(18) C22-C21-C26 120.0 
C22-C21-C31 113.9(5) C26-C21-C31 126.0(5) C22-C21-Cs2 97.0(3) 
C26-C21-Cs2 75.5(3) C31-C21-Cs2 101.2(5) O2-C22-C23 112.3(7) 
O2-C22-C21 127.4(7) C23-C22-C21 120.0 O2-C22-Cs2 110.6(7) 
C23-C22-Cs2 93.6(3) C21-C22-Cs2 62.4(3) C24-C23-C22 120.0 
C25-C24-C23 120.0 C24-C25-C26 120.0 C24-C25-C30 120.0 
C26-C25-C30 120.0 C24-C25-Cs2 96.4(3) C26-C25-Cs2 64.4(3) 
C30-C25-Cs2 108.7(2) C27-C26-C25 120.0 C27-C26-C21 120.0 
C25-C26-C21 120.0 C27-C26-Cs2 94.5(4) C25-C26-Cs2 94.1(3) 
C21-C26-Cs2 81.3(3) C28-C27-C26 120.0 C28-C27-Cs2 108.6(2) 
C26-C27-Cs2 64.1(3) C27-C28-C29 120.0 C28-C29-C30 120.0 
C29-C30-C25 120.0 C32-O3-Ce1 122.0(11) C32-O3-Cs2 114.6(7) 
Ce1-O3-Cs2 106.9(6) C32-C31-C36 120.0 C32-C31-C21 120.1(5) 
C36-C31-C21 119.1(5) C33-C32-C31 120.0 C33-C32-O3 120.6(7) 
C31-C32-O3 119.4(7) C33-C32-Cs2 133.6(3) C31-C32-Cs2 90.3(3) 
O3-C32-Cs2 45.9(6) C32-C33-C34 120.0 C33-C34-C35 120.0 
C36-C35-C34 120.0 C36-C35-C40 120.0 C34-C35-C40 120.0 
C37-C36-C35 120.0 C37-C36-C31 120.0 C35-C36-C31 120.0 
C36-C37-C38 120.0 C39-C38-C37 120.0 C38-C39-C40 120.0 
C39-C40-C35 120.0 C22'-O2'-Ce1 114.8(15) C22'-O2'-Cs1 130.0(13) 
Ce1-O2'-Cs1 99.6(5) C22'-C21'-C26' 120.0 C22'-C21'-C31' 116.7(9) 
C26'-C21'-C31' 123.2(9) C22'-C21'-Cs2 97.3(5) C26'-C21'-Cs2 74.9(4) 
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C31'-C21'-Cs2 96.5(9) O2'-C22'-C21' 138.7(12) O2'-C22'-C23' 101.2(12) 
C21'-C22'-C23' 120.0 C24'-C23'-C22' 120.0 C23'-C24'-C25' 120.0 
C26'-C25'-C24' 120.0 C26'-C25'-C30' 120.0 C24'-C25'-C30' 120.0 
C26'-C25'-Cs2 65.5(4) C24'-C25'-Cs2 96.8(5) C30'-C25'-Cs2 107.3(4) 
C27'-C26'-C25' 120.0 C27'-C26'-C21' 120.0 C25'-C26'-C21' 120.0 
C27'-C26'-Cs2 93.9(6) C25'-C26'-Cs2 93.4(5) C21'-C26'-Cs2 82.7(4) 
C28'-C27'-C26' 120.0 C28'-C27'-Cs2 107.2(4) C26'-C27'-Cs2 65.1(5) 
C27'-C28'-C29' 120.0 C30'-C29'-C28' 120.0 C29'-C30'-C25' 120.0 
C32'-O3'-Ce1 128.9(19) C32'-O3'-Cs2 110.9(13) Ce1-O3'-Cs2 105.4(9) 
C32'-C31'-C36' 120.0 C32'-C31'-C21' 121.0(9) C36'-C31'-C21' 118.9(9) 
O3'-C32'-C33' 117.2(12) O3'-C32'-C31' 122.7(12) C33'-C32'-C31' 120.0 
O3'-C32'-Cs2 49.8(11) C33'-C32'-Cs2 132.2(7) C31'-C32'-Cs2 92.1(5) 
C32'-C33'-C34' 120.0 C35'-C34'-C33' 120.0 C34'-C35'-C36' 120.0 
C34'-C35'-C40' 120.0 C36'-C35'-C40' 120.0 C37'-C36'-C35' 120.0 
C37'-C36'-C31' 120.0 C35'-C36'-C31' 120.0 C36'-C37'-C38' 120.0 
C37'-C38'-C39' 120.0 C40'-C39'-C38' 120.0 C39'-C40'-C35' 120.0 
 
Table 2.4.59. Bond lengths for compound 2.9 (Å). 
Ce1-O5  2.181(2) Ce1-O3  2.264(15) Ce1-O1  2.276(17) 
Ce1-O2  2.315(11) Ce1-O4  2.316(10) Ce1-O6#1  2.329(9) 
Ce1-O6  2.366(9) Ce1-Li1  3.43(2) Ce1-Li3  3.48(6) 
Ce1-Li2  3.56(9) Ce1-Ce1#1  3.7528(13) Ce1-Ce1#2  3.7528(13) 
O1-C1  1.37(2) O1-Li2  1.96(4) O2-C20  1.34(2) 
O2-Li1  2.00(2) O3-C21  1.33(2) O3-Li3  1.94(2) 
O4-C40  1.35(2) O4-Li1  1.99(2) O5-Ce1#1  2.181(2) 
O5-Ce1#2  2.181(2) O5-Li3  2.47(8) O6-Ce1#2  2.329(9) 
O7-Li2  1.98(13) O8-Li3  2.05(11) N1-C43  1.444(18) 
N1-C41  1.463(17) N1-Li1  1.95(3) N2-C42  1.446(17) 
N2-C44  1.469(18) N2-Li1  1.94(3) C1-C10  1.38(2) 
C1-C2  1.41(2) C2-C3  1.34(3) C3-C4  1.32(3) 
C4-C5  1.41(3) C4-C9  1.44(2) C5-C6  1.37(3) 
C6-C7  1.40(3) C7-C8  1.38(3) C8-C9  1.39(2) 
C9-C10  1.40(2) C10-C11  1.52(2) C11-C20  1.36(2) 
C11-C12  1.44(2) C12-C17  1.41(2) C12-C13  1.42(2) 
C13-C14  1.34(3) C14-C15  1.39(3) C15-C16  1.29(3) 
C16-C17  1.41(2) C17-C18  1.41(2) C18-C19  1.33(2) 
C19-C20  1.46(3) C21-C30  1.36(2) C21-C22  1.43(3) 
C22-C23  1.36(3) C23-C24  1.32(2) C24-C25  1.40(3) 
C24-C29  1.46(2) C25-C26  1.39(3) C26-C27  1.40(3) 
C27-C28  1.37(3) C28-C29  1.41(2) C29-C30  1.41(2) 
C30-C31  1.48(2) C31-C40  1.39(2) C31-C32  1.41(2) 
C32-C37  1.40(2) C32-C33  1.42(2) C33-C34  1.36(2) 
C34-C35  1.43(3) C35-C36  1.32(3) C36-C37  1.41(2) 
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C37-C38  1.41(2) C38-C39  1.33(2) C39-C40  1.45(2) 
C41-C42  1.472(16) C41-Li1  2.69(3) C42-Li1  2.70(3) 
Li2-O1#1  1.96(4) Li2-O1#2  1.96(4) Li2-Ce1#1  3.56(9) 
Li2-Ce1#2  3.56(9) Li3-O3#1  1.94(2) Li3-O3#2  1.94(2) 
Li3-Ce1#2  3.48(6) Li3-Ce1#1  3.48(6) Ce1'-O5'  2.1611(10) 
Ce1'-O1'  2.266(19) Ce1'-O3'  2.276(18) Ce1'-O4'  2.307(11) 
Ce1'-O2'  2.307(11) Ce1'-O6'#3  2.329(10) Ce1'-O6'  2.334(10) 
Ce1'-C21'  3.05(2) Ce1'-Li1'  3.37(3) Ce1'-Li2'  3.56(5) 
Ce1'-Li3'  3.69(6) Ce1'-Ce1'#4  3.7426(14) O1'-C1'  1.35(3) 
O1'-Li2'  2.06(2) O2'-C20'  1.31(2) O2'-Li1'  2.01(3) 
O3'-C21'  1.33(3) O3'-Li3'  2.08(3) O4'-C40'  1.32(2) 
O4'-Li1'  2.00(3) O5'-Ce1'#4  2.1611(10) O5'-Ce1'#3  2.1611(10) 
O6'-Ce1'#4  2.329(10) O7'-Li3'  2.19(9) O8'-Li2'  2.00(7) 
N1'-C41'  1.453(18) N1'-C43'  1.479(18) N1'-Li1'  1.97(4) 
N2'-C42'  1.457(18) N2'-C44'  1.480(18) N2'-Li1'  1.97(4) 
C1'-C10'  1.36(3) C1'-C2'  1.37(3) C2'-C3'  1.33(3) 
C3'-C4'  1.45(4) C4'-C5'  1.43(4) C4'-C9'  1.45(4) 
C5'-C6'  1.41(5) C6'-C7'  1.48(5) C7'-C8'  1.37(4) 
C8'-C9'  1.43(3) C9'-C10'  1.43(3) C10'-C11'  1.48(3) 
C11'-C20'  1.33(3) C11'-C12'  1.46(3) C12'-C13'  1.39(4) 
C12'-C17'  1.40(3) C13'-C14'  1.41(4) C14'-C15'  1.39(4) 
C15'-C16'  1.39(4) C16'-C17'  1.41(3) C17'-C18'  1.33(3) 
C18'-C19'  1.39(3) C19'-C20'  1.44(3) C21'-C30'  1.36(3) 
C21'-C22'  1.47(3) C22'-C23'  1.32(3) C23'-C24'  1.44(4) 
C24'-C29'  1.43(4) C24'-C25'  1.47(4) C25'-C26'  1.40(5) 
C26'-C27'  1.46(5) C27'-C28'  1.35(4) C28'-C29'  1.43(3) 
C29'-C30'  1.45(3) C30'-C31'  1.46(3) C31'-C40'  1.38(3) 
C31'-C32'  1.43(3) C32'-C33'  1.38(3) C32'-C37'  1.43(3) 
C33'-C34'  1.39(4) C34'-C35'  1.37(4) C35'-C36'  1.41(4) 
C36'-C37'  1.43(3) C37'-C38'  1.38(3) C38'-C39'  1.33(3) 
C39'-C40'  1.47(3) C41'-C42'  1.420(19) C41'-Li1'  2.65(4) 
Li2'-O1'#4  2.06(2) Li2'-O1'#3  2.06(2) Li2'-Ce1'#4  3.56(5) 
Li2'-Ce1'#3  3.56(5) Li3'-O3'#3  2.08(3) Li3'-O3'#4  2.08(3) 
Li3'-Ce1'#3  3.69(6) Li3'-Ce1'#4  3.69(6)   
 
Table 2.4.60 Bond angles for compound 2.9 (o). 
O5-Ce1-O3 76.1(6) O5-Ce1-O1 89.2(6) O3-Ce1-O1 165.3(3) 
O5-Ce1-O2 148.3(3) O3-Ce1-O2 112.4(4) O1-Ce1-O2 80.3(4) 
O5-Ce1-O4 142.3(4) O3-Ce1-O4 80.0(4) O1-Ce1-O4 112.7(4) 
O2-Ce1-O4 68.4(4) O5-Ce1-O6#1 67.3(2) O3-Ce1-O6#1 87.3(6) 
O1-Ce1-O6#1 87.1(6) O2-Ce1-O6#1 82.4(4) O4-Ce1-O6#1 140.1(4) 
O5-Ce1-O6 66.6(2) O3-Ce1-O6 84.5(6) O1-Ce1-O6 89.6(5) 
O2-Ce1-O6 142.2(4) O4-Ce1-O6 82.6(4) O6#1-Ce1-O6 133.8(4) 
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O5-Ce1-Li1 173.4(8) O3-Ce1-Li1 97.3(7) O1-Ce1-Li1 97.4(7) 
O2-Ce1-Li1 34.3(5) O4-Ce1-Li1 34.1(5) O6#1-Ce1-Li1 112.8(4) 
O6-Ce1-Li1 113.4(4) O5-Ce1-Li3 44.9(9) O3-Ce1-Li3 31.2(8) 
O1-Ce1-Li3 134.1(8) O2-Ce1-Li3 136.2(6) O4-Ce1-Li3 107.7(7) 
O6#1-Ce1-Li3 75.0(5) O6-Ce1-Li3 74.6(5) Li1-Ce1-Li3 128.5(9) 
O5-Ce1-Li2 59.1(13) O3-Ce1-Li2 135.2(12) O1-Ce1-Li2 30.1(12) 
O2-Ce1-Li2 107.0(10) O4-Ce1-Li2 135.8(9) O6#1-Ce1-Li2 77.5(6) 
O6-Ce1-Li2 77.0(6) Li1-Ce1-Li2 127.5(13) Li3-Ce1-Li2 104.0(8) 
O5-Ce1-Ce1#1 30.64(10) O3-Ce1-Ce1#1 84.4(3) O1-Ce1-Ce1#1 82.9(3) 
O2-Ce1-Ce1#1 117.9(3) O4-Ce1-Ce1#1 164.3(3) O6#1-Ce1-Ce1#1 37.3(2) 
O6-Ce1-Ce1#1 96.6(2) Li1-Ce1-Ce1#1 150.1(3) Li3-Ce1-Ce1#1 57.3(6) 
Li2-Ce1-Ce1#1 58.2(9) O5-Ce1-Ce1#2 30.64(10) O3-Ce1-Ce1#2 82.9(4) 
O1-Ce1-Ce1#2 84.4(3) O2-Ce1-Ce1#2 164.6(3) O4-Ce1-Ce1#2 118.1(3) 
O6#1-Ce1-Ce1#2 97.3(2) O6-Ce1-Ce1#2 36.6(2) Li1-Ce1-Ce1#2 149.9(3) 
Li3-Ce1-Ce1#2 57.3(6) Li2-Ce1-Ce1#2 58.2(9) Ce1#1-Ce1-Ce1#2 60.0 
C1-O1-Li2 121(3) C1-O1-Ce1 119.7(12) Li2-O1-Ce1 114(3) 
C20-O2-Li1 133.0(12) C20-O2-Ce1 118.8(9) Li1-O2-Ce1 105.0(8) 
C21-O3-Li3 125(2) C21-O3-Ce1 119.1(12) Li3-O3-Ce1 111(2) 
C40-O4-Li1 134.3(12) C40-O4-Ce1 117.9(9) Li1-O4-Ce1 105.3(8) 
Ce1#1-O5-Ce1 118.7(2) Ce1#1-O5-Ce1#2 118.7(2) Ce1-O5-Ce1#2 118.7(2) 
Ce1#1-O5-Li3 96.5(5) Ce1-O5-Li3 96.5(5) Ce1#2-O5-Li3 96.5(5) 
Ce1#2-O6-Ce1 106.1(4) C43-N1-C41 113(2) C43-N1-Li1 111.5(19) 
C41-N1-Li1 103.3(19) C42-N2-C44 109(2) C42-N2-Li1 104.7(18) 
C44-N2-Li1 112.2(19) O1-C1-C10 121.1(15) O1-C1-C2 118.2(16) 
C10-C1-C2 120.7(17) C3-C2-C1 118.3(18) C4-C3-C2 124.8(18) 
C3-C4-C5 122.9(18) C3-C4-C9 118.2(15) C5-C4-C9 118.9(16) 
C6-C5-C4 122.1(19) C5-C6-C7 118.3(19) C8-C7-C6 121(2) 
C7-C8-C9 121.6(18) C8-C9-C10 123.0(15) C8-C9-C4 117.7(15) 
C10-C9-C4 119.2(14) C1-C10-C9 118.8(15) C1-C10-C11 118.7(15) 
C9-C10-C11 122.4(14) C20-C11-C12 117.9(16) C20-C11-C10 119.9(14) 
C12-C11-C10 122.2(15) C17-C12-C13 115.8(16) C17-C12-C11 121.9(16) 
C13-C12-C11 122.3(17) C14-C13-C12 122.0(18) C13-C14-C15 120(2) 
C16-C15-C14 120.6(19) C15-C16-C17 122.1(18) C12-C17-C18 118.6(15) 
C12-C17-C16 119.5(17) C18-C17-C16 121.8(16) C19-C18-C17 119.3(17) 
C18-C19-C20 123.4(18) O2-C20-C11 123.8(16) O2-C20-C19 117.4(17) 
C11-C20-C19 118.7(16) O3-C21-C30 123.2(16) O3-C21-C22 117.2(16) 
C30-C21-C22 119.5(18) C23-C22-C21 120.6(18) C24-C23-C22 122.2(18) 
C23-C24-C25 123.0(18) C23-C24-C29 118.5(17) C25-C24-C29 118.5(16) 
C26-C25-C24 123.2(18) C25-C26-C27 118.4(18) C28-C27-C26 119.6(19) 
C27-C28-C29 124.5(19) C28-C29-C30 124.9(16) C28-C29-C24 115.6(16) 
C30-C29-C24 119.4(16) C21-C30-C29 119.4(16) C21-C30-C31 119.6(15) 
C29-C30-C31 121.0(14) C40-C31-C32 117.7(15) C40-C31-C30 118.0(14) 
C32-C31-C30 124.2(15) C37-C32-C31 121.8(16) C37-C32-C33 116.1(15) 
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C31-C32-C33 122.1(15) C34-C33-C32 122.0(17) C33-C34-C35 120.1(19) 
C36-C35-C34 118.9(19) C35-C36-C37 122.2(19) C32-C37-C36 120.6(17) 
C32-C37-C38 118.9(14) C36-C37-C38 120.4(16) C39-C38-C37 120.5(16) 
C38-C39-C40 121.5(16) O4-C40-C31 122.4(16) O4-C40-C39 117.9(15) 
C31-C40-C39 119.5(15) N1-C41-C42 112(2) N1-C41-Li1 44.8(14) 
C42-C41-Li1 74.4(17) N2-C42-C41 111(2) N2-C42-Li1 44.1(13) 
C41-C42-Li1 74.0(17) N2-Li1-N1 91.0(11) N2-Li1-O4 130.3(14) 
N1-Li1-O4 115.3(17) N2-Li1-O2 114.9(17) N1-Li1-O2 129.1(14) 
O4-Li1-O2 81.4(9) N2-Li1-C41 60.1(9) N1-Li1-C41 31.9(7) 
O4-Li1-C41 128.6(14) O2-Li1-C41 146.7(12) N2-Li1-C42 31.2(7) 
N1-Li1-C42 60.5(9) O4-Li1-C42 146.9(12) O2-Li1-C42 128.4(14) 
C41-Li1-C42 31.7(4) N2-Li1-Ce1 134.5(14) N1-Li1-Ce1 134.5(14) 
O4-Li1-Ce1 40.7(5) O2-Li1-Ce1 40.7(5) C41-Li1-Ce1 164.4(14) 
C42-Li1-Ce1 163.9(14) O7-Li2-O1#1 107(3) O7-Li2-O1 107(3) 
O1#1-Li2-O1 112(3) O7-Li2-O1#2 107(3) O1#1-Li2-O1#2 112(3) 
O1-Li2-O1#2 112(3) O7-Li2-Ce1#1 142.5(11) O1#1-Li2-Ce1#1 36(2) 
O1-Li2-Ce1#1 93(3) O1#2-Li2-Ce1#1 94(3) O7-Li2-Ce1 142.5(11) 
O1#1-Li2-Ce1 94(3) O1-Li2-Ce1 36(2) O1#2-Li2-Ce1 93(3) 
Ce1#1-Li2-Ce1 63.6(18) O7-Li2-Ce1#2 142.5(11) O1#1-Li2-Ce1#2 93(3) 
O1-Li2-Ce1#2 94(3) O1#2-Li2-Ce1#2 36(2) Ce1#1-Li2-Ce1#2 63.6(18) 
Ce1-Li2-Ce1#2 63.6(18) O3#1-Li3-O3 114.2(17) O3#1-Li3-O3#2 114.2(17) 
O3-Li3-O3#2 114.2(17) O3#1-Li3-O8 104(2) O3-Li3-O8 104(2) 
O3#2-Li3-O8 104(2) O3#1-Li3-O5 76(2) O3-Li3-O5 76(2) 
O3#2-Li3-O5 76(2) O8-Li3-O5 180.000(13) O3#1-Li3-Ce1 95(2) 
O3-Li3-Ce1 37.3(14) O3#2-Li3-Ce1 97(2) O8-Li3-Ce1 141.4(7) 
O5-Li3-Ce1 38.6(7) O3#1-Li3-Ce1#2 97(2) O3-Li3-Ce1#2 95(2) 
O3#2-Li3-Ce1#2 37.3(14) O8-Li3-Ce1#2 141.4(7) O5-Li3-Ce1#2 38.6(7) 
Ce1-Li3-Ce1#2 65.3(12) O3#1-Li3-Ce1#1 37.3(14) O3-Li3-Ce1#1 97(2) 
O3#2-Li3-Ce1#1 95(2) O8-Li3-Ce1#1 141.4(7) O5-Li3-Ce1#1 38.6(7) 
Ce1-Li3-Ce1#1 65.3(12) Ce1#2-Li3-Ce1#1 65.3(12) O5'-Ce1'-O1' 86.2(9) 
O5'-Ce1'-O3' 83.6(9) O1'-Ce1'-O3' 169.8(4) O5'-Ce1'-O4' 144.1(5) 
O1'-Ce1'-O4' 106.7(5) O3'-Ce1'-O4' 81.5(5) O5'-Ce1'-O2' 144.8(4) 
O1'-Ce1'-O2' 80.9(5) O3'-Ce1'-O2' 107.8(5) O4'-Ce1'-O2' 71.1(4) 
O5'-Ce1'-O6'#3 66.7(3) O1'-Ce1'-O6'#3 89.7(6) O3'-Ce1'-O6'#3 86.8(6) 
O4'-Ce1'-O6'#3 144.0(4) O2'-Ce1'-O6'#3 80.5(4) O5'-Ce1'-O6' 66.6(3) 
O1'-Ce1'-O6' 85.1(6) O3'-Ce1'-O6' 90.3(6) O4'-Ce1'-O6' 81.0(4) 
O2'-Ce1'-O6' 143.5(4) O6'#3-Ce1'-O6' 133.2(4) O5'-Ce1'-C21' 106.2(9) 
O1'-Ce1'-C21' 166.0(6) O3'-Ce1'-C21' 23.7(6) O4'-Ce1'-C21' 67.0(5) 
O2'-Ce1'-C21' 85.1(6) O6'#3-Ce1'-C21' 89.4(6) O6'-Ce1'-C21' 105.6(7) 
O5'-Ce1'-Li1' 179.1(11) O1'-Ce1'-Li1' 94.7(8) O3'-Ce1'-Li1' 95.4(8) 
O4'-Ce1'-Li1' 35.5(6) O2'-Ce1'-Li1' 35.7(6) O6'#3-Ce1'-Li1' 113.4(6) 
O6'-Ce1'-Li1' 113.4(6) C21'-Ce1'-Li1' 72.9(9) O5'-Ce1'-Li2' 53.6(10) 
O1'-Ce1'-Li2' 32.7(7) O3'-Ce1'-Li2' 137.2(7) O4'-Ce1'-Li2' 133.5(5) 
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O2'-Ce1'-Li2' 107.2(6) O6'#3-Ce1'-Li2' 75.5(5) O6'-Ce1'-Li2' 75.5(5) 
C21'-Ce1'-Li2' 158.3(7) Li1'-Ce1'-Li2' 127.3(10) O5'-Ce1'-Li3' 53.2(10) 
O1'-Ce1'-Li3' 139.3(8) O3'-Ce1'-Li3' 30.5(8) O4'-Ce1'-Li3' 106.2(6) 
O2'-Ce1'-Li3' 132.7(6) O6'#3-Ce1'-Li3' 77.2(5) O6'-Ce1'-Li3' 77.1(5) 
C21'-Ce1'-Li3' 53.7(8) Li1'-Ce1'-Li3' 125.9(10) Li2'-Ce1'-Li3' 106.8(7) 
O5'-Ce1'-Ce1'#4 30.01(2) O1'-Ce1'-Ce1'#4 84.6(4) O3'-Ce1'-Ce1'#4 86.3(4) 
O4'-Ce1'-Ce1'#4 116.2(3) O2'-Ce1'-Ce1'#4 165.3(4) O6'#3-Ce1'-Ce1'#4 96.7(3) 
O6'-Ce1'-Ce1'#4 36.6(3) C21'-Ce1'-Ce1'#4 109.4(5) Li1'-Ce1'-Ce1'#4 150.0(5) 
Li2'-Ce1'-Ce1'#4 58.3(5) Li3'-Ce1'-Ce1'#4 59.5(5) C1'-O1'-Li2' 131(2) 
C1'-O1'-Ce1' 115.5(14) Li2'-O1'-Ce1' 110.8(18) C20'-O2'-Li1' 131.6(15) 
C20'-O2'-Ce1' 120.2(11) Li1'-O2'-Ce1' 102.3(10) C21'-O3'-Li3' 129(2) 
C21'-O3'-Ce1' 112.8(15) Li3'-O3'-Ce1' 116(2) C40'-O4'-Li1' 130.6(16) 
C40'-O4'-Ce1' 119.8(11) Li1'-O4'-Ce1' 102.6(10) Ce1'#4-O5'-Ce1'#3 119.97(5) 
Ce1'#4-O5'-Ce1' 119.97(5) Ce1'#3-O5'-Ce1' 119.97(5) Ce1'#4-O6'-Ce1' 106.8(4) 
C41'-N1'-C43' 115(3) C41'-N1'-Li1' 100(2) C43'-N1'-Li1' 111(2) 
C42'-N2'-C44' 120(3) C42'-N2'-Li1' 109(3) C44'-N2'-Li1' 111.9(19) 
O1'-C1'-C10' 118(2) O1'-C1'-C2' 117(2) C10'-C1'-C2' 125(2) 
C3'-C2'-C1' 123(2) C2'-C3'-C4' 117(3) C5'-C4'-C3' 120(3) 
C5'-C4'-C9' 119(3) C3'-C4'-C9' 120(3) C6'-C5'-C4' 122(4) 
C5'-C6'-C7' 117(3) C8'-C7'-C6' 122(3) C7'-C8'-C9' 120(3) 
C8'-C9'-C10' 122(2) C8'-C9'-C4' 120(3) C10'-C9'-C4' 118(2) 
C1'-C10'-C9' 117(2) C1'-C10'-C11' 123(2) C9'-C10'-C11' 120(2) 
C20'-C11'-C12' 121(2) C20'-C11'-C10' 119(2) C12'-C11'-C10' 120(2) 
C13'-C12'-C17' 117(2) C13'-C12'-C11' 124(2) C17'-C12'-C11' 119(3) 
C12'-C13'-C14' 125(3) C15'-C14'-C13' 117(3) C16'-C15'-C14' 120(3) 
C15'-C16'-C17' 122(2) C18'-C17'-C16' 121(2) C18'-C17'-C12' 120(2) 
C16'-C17'-C12' 119(3) C17'-C18'-C19' 122(2) C18'-C19'-C20' 120(2) 
O2'-C20'-C11' 122(2) O2'-C20'-C19' 119(2) C11'-C20'-C19' 118.3(19) 
O3'-C21'-C30' 123.1(19) O3'-C21'-C22' 117.0(19) C30'-C21'-C22' 120(2) 
O3'-C21'-Ce1' 43.5(12) C30'-C21'-Ce1' 111.5(17) C22'-C21'-Ce1' 113.9(15) 
C23'-C22'-C21' 123(2) C22'-C23'-C24' 117(2) C29'-C24'-C23' 124(2) 
C29'-C24'-C25' 116(3) C23'-C24'-C25' 120(3) C26'-C25'-C24' 120(3) 
C25'-C26'-C27' 121(3) C28'-C27'-C26' 120(3) C27'-C28'-C29' 120(3) 
C24'-C29'-C28' 123(3) C24'-C29'-C30' 116(2) C28'-C29'-C30' 121(2) 
C21'-C30'-C29' 121(2) C21'-C30'-C31' 119(2) C29'-C30'-C31' 120.2(19) 
C40'-C31'-C32' 121(2) C40'-C31'-C30' 116(2) C32'-C31'-C30' 123(2) 
C33'-C32'-C31' 123(2) C33'-C32'-C37' 117(2) C31'-C32'-C37' 119(2) 
C34'-C33'-C32' 123(2) C35'-C34'-C33' 122(3) C34'-C35'-C36' 118(2) 
C35'-C36'-C37' 121(2) C38'-C37'-C36' 122(2) C38'-C37'-C32' 119(2) 
C36'-C37'-C32' 119(2) C39'-C38'-C37' 121(2) C38'-C39'-C40' 123(2) 
O4'-C40'-C31' 125.2(19) O4'-C40'-C39' 118(2) C31'-C40'-C39' 116(2) 
C42'-C41'-N1' 123(4) C42'-C41'-Li1' 81(3) N1'-C41'-Li1' 46.9(17) 
C41'-C42'-N2' 104(4) N2'-Li1'-N1' 88.9(15) N2'-Li1'-O4' 113.7(16) 
 245 
 
N1'-Li1'-O4' 131(2) N2'-Li1'-O2' 132(2) N1'-Li1'-O2' 113.5(16) 
O4'-Li1'-O2' 84.0(12) N2'-Li1'-C41' 56.5(13) N1'-Li1'-C41' 32.6(10) 
O4'-Li1'-C41' 136(2) O2'-Li1'-C41' 137.0(18) N2'-Li1'-Ce1' 136.3(17) 
N1'-Li1'-Ce1' 134.8(18) O4'-Li1'-Ce1' 42.0(7) O2'-Li1'-Ce1' 42.0(7) 
C41'-Li1'-Ce1' 166.5(19) O8'-Li2'-O1'#4 106.2(17) O8'-Li2'-O1'#3 106.2(17) 
O1'#4-Li2'-O1'#3 112.5(15) O8'-Li2'-O1' 106.2(17) O1'#4-Li2'-O1' 112.5(15) 
O1'#3-Li2'-O1' 112.5(15) O8'-Li2'-Ce1'#4 142.6(6) O1'#4-Li2'-Ce1'#4 36.5(11) 
O1'#3-Li2'-Ce1'#4 95.4(18) O1'-Li2'-Ce1'#4 92.5(17) O8'-Li2'-Ce1'#3 142.6(6) 
O1'#4-Li2'-Ce1'#3 92.5(17) O1'#3-Li2'-Ce1'#3 36.5(11) O1'-Li2'-Ce1'#3 95.4(18) 
Ce1'#4-Li2'-Ce1'#3 63.4(9) O8'-Li2'-Ce1' 142.6(6) O1'#4-Li2'-Ce1' 95.4(18) 
O1'#3-Li2'-Ce1' 92.5(17) O1'-Li2'-Ce1' 36.5(11) Ce1'#4-Li2'-Ce1' 63.4(9) 
Ce1'#3-Li2'-Ce1' 63.4(9) O3'#3-Li3'-O3'#4 108(2) O3'#3-Li3'-O3' 108(2) 
O3'#4-Li3'-O3' 108(2) O3'#3-Li3'-O7' 110.5(19) O3'#4-Li3'-O7' 110.5(19) 
O3'-Li3'-O7' 110.5(19) O3'#3-Li3'-Ce1'#3 33.7(13) O3'#4-Li3'-Ce1'#3 91(2) 
O3'-Li3'-Ce1'#3 88(2) O7'-Li3'-Ce1'#3 144.2(7) O3'#3-Li3'-Ce1'#4 88(2) 
O3'#4-Li3'-Ce1'#4 33.7(13) O3'-Li3'-Ce1'#4 91(2) O7'-Li3'-Ce1'#4 144.2(7) 
Ce1'#3-Li3'-Ce1'#4 60.9(11) O3'#3-Li3'-Ce1' 91(2) O3'#4-Li3'-Ce1' 88(2) 
O3'-Li3'-Ce1' 33.7(13) O7'-Li3'-Ce1' 144.2(7) Ce1'#3-Li3'-Ce1' 60.9(11) 
Ce1'#4-Li3'-Ce1' 60.9(11)     
 
Computational Details. 
Gaussian 09 Rev. D.01 was used in electronic structure calculations.
63
 The B3LYP hybrid DFT 
method was employed, with a 28-electron small core pseudopotential on cerium with published 
segmented natural orbital basis set incorporating quasi-relativistic effects,
37, 64
 and the 6-31G* 
basis set on all other atoms. Geometry optimization on 2.2–Cl(OMe2)·OMe2 was carried out 
starting from the coordinates of the crystal structure of 2.2–Cl·THF while replacing coordinated 
THF with OMe2. The frequency calculation indicated that the geometry was the minimum (no 




Table 2.4.61. Optimized Coordinates of [Li3(OMe2)5][(BINOLate)3Ce–Cl]·OMe2 (2–
Cl(OMe2)·OMe2) 
 
58       0.497313111     -0.027065946     -0.694221600 
17       0.890496972      0.381453867     -3.340972383 
8       -1.657995174      0.113962303      0.229848208 
8       -0.702834008     -1.870662668     -1.472115453 
8        0.746382686     -1.812250538      0.824835500 
8        2.727972537     -0.610783752     -0.746058121 
8        1.673231182      1.273251479      0.821739897 
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8       -0.331902720      2.131674499     -0.887325454 
6       -2.390027352     -0.837425267      0.822180342 
6       -2.458504983     -0.872187841      2.232282477 
1       -1.867473624     -0.143291106      2.780339944 
6       -3.247402453     -1.805555673      2.900483553 
1       -3.278397534     -1.805677723      3.987698754 
6       -3.989453924     -2.742189667      2.173689913 
6       -3.914260842     -2.730969713      0.780360105 
6       -3.124084833     -1.803414506      0.075316481 
6       -3.103820869     -1.843924046     -1.412138393 
6       -4.304249150     -1.930263007     -2.136910517 
6       -4.317322733     -2.044017595     -3.527824907 
6       -3.104062518     -2.072077388     -4.223015775 
1       -3.096539480     -2.157662627     -5.307026183 
6       -1.897150196     -1.988278789     -3.532067633 
1       -0.945052077     -1.994041280     -4.052344804 
6       -1.877692994     -1.882013854     -2.129181799 
6        1.687627301     -2.191018854      1.701154437 
6        1.403764221     -2.138207515      3.081346452 
1        0.433286543     -1.752126742      3.380750732 
6        2.322197190     -2.589247875      4.028260719 
1        2.073267253     -2.540999631      5.085934907 
6        3.551880638     -3.108029543      3.615273527 
6        3.839996430     -3.166118753      2.250207779 
6        2.937984583     -2.716258479      1.270770754 
6        3.266948032     -2.890992055     -0.169577275 
6        3.746956761     -4.135163059     -0.616492426 
6        4.098294058     -4.359429145     -1.946890397 
6        3.968922852     -3.318920779     -2.870456046 
1        4.229632962     -3.476055857     -3.914290090 
6        3.497315092     -2.075012083     -2.460014419 
1        3.368496242     -1.262645322     -3.167405040 
6        3.148402459     -1.836823096     -1.116497822 
6        1.201025214      2.132389137      1.739571134 
6        1.090918288      1.710376462      3.080898456 
1        1.349260509      0.679778416      3.307338507 
6        0.679523147      2.585676151      4.084477155 
1        0.610943638      2.234011336      5.111438642 
6        0.364016475      3.909614629      3.769262773 
6        0.448979937      4.328903195      2.440513581 
6        0.848194765      3.467623200      1.404000758 
6        0.930339462      3.978443444      0.012010516 
6        1.555449445      5.212303043     -0.240648987 
6        1.616328356      5.763878343     -1.520090858 
6        1.043210630      5.067023864     -2.587600742 
1        1.087428015      5.473891063     -3.595162823 
6        0.416122674      3.842576884     -2.368494727 
1       -0.010712018      3.281509133     -3.192185490 
6        0.335260409      3.283781129     -1.077239231 
8       -0.658366429     -4.868850847      0.192727869 
6       -1.243399865     -5.689222546     -0.816137519 
1       -1.252911096     -5.107714964     -1.740001947 
1       -2.271319882     -5.961985954     -0.543666598 
6       -0.587146373     -5.500717174      1.469314095 
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1       -0.094756033     -4.801661206      2.148174256 
1       -1.594132958     -5.731580063      1.840487479 
8        4.928702884      0.648144555      1.617416963 
6        6.080627440     -0.082044103      1.205451734 
1        6.983342283      0.325104712      1.682457520 
1        6.159267677      0.030954040      0.122595980 
6        4.720786031      0.601495940      3.028612807 
1        3.830300501      1.195248842      3.240684891 
1        5.585265834      1.033729483      3.552523086 
8        4.461185368      2.096980273     -0.926098509 
6        5.036372642      3.287366998     -0.399610497 
1        5.294306085      3.083222327      0.641290969 
1        4.322358670      4.119399631     -0.452403336 
6        4.083455721      2.238420176     -2.299504498 
1        3.595512943      1.311186751     -2.598266479 
1        4.975125858      2.414812733     -2.917724635 
8       -3.339938297      2.091304858     -1.980796286 
6       -4.759035175      2.082655286     -1.903130444 
1       -5.025126943      2.342670602     -0.876688589 
1       -5.155493791      1.089202219     -2.151526255 
6       -2.863586945      1.757263275     -3.288661768 
1       -3.258722745      0.785238955     -3.604851889 
1       -1.776371453      1.703965395     -3.233734762 
8       -3.119708659      3.125679858      0.815571797 
6       -3.211362481      2.918322764      2.224607454 
1       -3.291427724      1.841914955      2.383415949 
1       -4.107090301      3.415954524      2.623047172 
6       -3.048651744      4.506603551      0.467073767 
1       -2.978853651      4.557189826     -0.620895790 
1       -2.164579471      4.976929114      0.914495133 
3       -0.339523562     -3.010124354     -0.061304502 
3        3.470323025      0.828537613      0.271388642 
3       -2.151062993      1.861390165     -0.389944810 
8       -7.857444037     -0.000721982      2.498518239 
6       -6.808648120      0.509662565      3.290147565 
1       -5.951133216     -0.181124242      3.328579470 
1       -7.203078903      0.649641116      4.300735323 
6       -7.449402710     -0.251465733      1.172132613 
1       -8.314218196     -0.654790217      0.637535837 
1       -6.624533173     -0.980583419      1.129248649 
1       -3.953125159      5.032341163      0.803866592 
1       -2.319126512      3.302114416      2.734001687 
1       -6.448517549      1.482399886      2.911904706 
1       -7.118461873      0.672071945      0.665894107 
1       -5.189880199      2.823836653     -2.592019885 
1       -3.167537403      2.531037271     -4.007980816 
1       -5.243755354     -1.904270324     -1.589199984 
1       -5.262045027     -2.108498255     -4.061061734 
1        4.459901790     -5.335658906     -2.258458854 
1        3.830923474     -4.944444611      0.105250306 
1        4.792192474     -3.575651481      1.920360117 
1        4.274464080     -3.468757550      4.342419149 
1        5.979491454     -1.143834351      1.461985704 
1        4.563932783     -0.430168891      3.364953193 
 248 
 
1        5.946202395      3.554785816     -0.956333966 
1        3.379398362      3.069796370     -2.422735549 
1        2.009570770      5.740196762      0.595016498 
1        2.109273966      6.718844360     -1.681221399 
1        0.191281867      5.354529207      2.185680630 
1        0.052051715      4.605639740      4.543372516 
1       -4.609732550     -3.474727870      2.682630620 
1       -4.473212874     -3.467252321      0.207162895 
1        0.002793348     -6.424329386      1.405538727 
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CHAPTER 3  
Dimeric Rare Earth BINOLate Complexes: Activation of 
1,4–Benzoquinone Through Lewis-Acid Promoted 
Potential Shifts   
 
Abstract 
Reaction of p–benzoquinone (BQ) with a series of rare earth/alkali metal/1,1′–BINOLate 
(REMB) complexes (RE: La, Ce, Pr, Nd; M: Li) results in the largest recorded shift in reduction 
potential observed for BQ upon complexation. In the case of cerium, the formation of a 2:1 
[Ce]:[BQ] complex shifts the two electron reduction of BQ by ≥ 1.6 V to a more favorable 
potential. Reactivity investigations were extended to other RE
III
 (RE = La, Pr, Nd) where the 
resulting highly electron deficient quinone ligands afforded isolation of the first lanthanide 
quinhydrone-type charge transfer complexes. The large reduction potential shift associated with 
the formation of 2:1 [Ce]:[BQ] complexes illustrate the potential of Ce complexes to function both 
as a Lewis acids and electron sources in redox chemistry and organic substrate activation. 
Adapted from work previously published in Chem. Eur. J. 2013, 19, 5996–6004 with 




 Electron transfer (ET) reactions play an important role in chemical and biological systems.1 In 
many cases, ET is enabled in Nature or in synthetic systems through the action of Lewis acidic 
metal cations.
2
 Coordination of a Lewis basic electron acceptor to Lewis acidic metal cations can 
impact both the thermodynamic potential of the electron acceptor and the reorganization energy 
associated with the ET process.
2e-g
 For the purposes of this work, we refer to the positive shift in 
the thermodynamic reduction potential of the electron acceptor upon coordination to a Lewis acid 
as Lewis Acid Promoted Potential Shift (LAPPS). Trivalent rare earth (RE
III
) cations display the 
largest recorded LAPPS due to the high Lewis acidity associated with these ions.
3
 In the most 
dramatic examples, an ET process that is unfavorable (endergonic) in the absence of a Lewis 
acid occurs at an appreciable rate in the presence of a Lewis acid.
2f, g
 For example, the oxidation 
of cobalt tetraphenylphorphyrin, E°ox = 0.35 V vs SCE in MeCN, with p–benzoquinone (BQ), E°red 
= –0.51 V vs SCE in MeCN, is endergonic; however, addition of strong Lewis acids such as 
Sc(OTf)3 results in a ~1 V shift in the oxidation potential of BQ and a rapid ET event.
3a
  




 there has been no investigation 
of RE
III
 cations acting as both a Lewis acid in the activation of electron acceptors and as the 
electron donor. Cerium is the only rare earth ion with appreciable chemistry in the +4 oxidation 
state, which is necessary for the RE
III
 to act as an electron donor.
4
 To investigate the impact of 
LAPPS with Ce
III
 complexes, we were interested in systems where (1) the cerium(III) ion is 
accessible to coordination by the Lewis basic oxidant, and (2) the formal potentials of the donor 
and acceptor alone are endergonic. With this in mind, we chose to investigate the reactivity of the 
electron-rich heterobimetallic framework [Li3(THF)4][(BINOLate)3Ce–(THF)], 3.1–Ce, Epa = –0.45 
V vs Fc in THF,
5
 with the formally weak oxidant, p–benzoquinone, BQ, EBQ/BQ- = –1.03 V and EBQ-
/ BQ2- = –2.05 vs Fc in THF. We hypothesized that the sterically accessible cerium(III) center of 
3.1–Ce could induce activation of BQ, especially through dual coordination of BQ to form a 2:1 
Ce:BQ complex. 
 Herein we report the successful isolation of a rare, stable dimeric Ce
IV
 complex, which displays 
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the largest LAPPS observed for complexation by lanthanide cations (≥ 1.6 V). We also extended 




 ions in the same heterobimetallic framework, 
and isolate the first examples of RE quinhydrone-type intramolecular charge transfer complexes. 
3.2 Results/Discussion 
Synthesis and Characterization of Ce–BQ Complex (3.2–Ce) 
 We began our investigations with the reaction of 3.1–Ce with BQ. Layering of a yellow Et2O 
solution BQ upon a pale yellow Et2O solution of 3.1–Ce produced an immediate color change to 
dark purple (Scheme 3.2.1). Layering of pentane on the intense purple solution induced 
crystallization of [Li6(Et2O)7][(BINOLate)6Ce2(μ–O2C6H4)]·Et2O (3.2–Ce) as an analytically pure 
material in 89% yield. This reaction is insensitive to the presence of coordinating solvent, such as  
 
Scheme 3.2.1. Synthesis of the rare earth dimer complexes, 3.2–RE. Adapted with permission of 





THF, or to the stoichiometry of BQ. Complex 3.2–Ce was the only crystalline product isolated 
from the reaction. The solution UV-Vis absorption spectrum measured for 3.2–Ce in THF showed 




 that was assigned to a 
LMCT band from the BINOLate ligands to the formal Ce
IV
 ion, similar to that observed for 
[Li3(THF)4][(BINOLate)3Ce
IV
–Cl] at 487 nm.
5
 The X-ray crystal structure of 3.2–Ce confirmed the 
2:1 ratio of cerium to BQ (Figure 3.2.1). 
 The C–C, C–O, and O–Ce bond distances for the BQ ligand in 3.2–Ce are presented in Table 
3.2.1 and support the assignment of a fully reduced BQ
2–
 moiety. In all cases the bond distances 
within the BQ
2–





 The Ce–OBQ2– distances in 3.2–Ce are 2.124(5) and 2.143(5) 
Å, which are slightly longer than the 2.086(10) Å Ce–OBQ
2–
 distance observed in 3.3, presumably  
 
Figure 3.2.1. Thermal ellipsoid plot of 3.2–Ce with 50% probability ellipsoids. Solvent molecules 
and hydrogen atoms have been removed for clarity. Reprinted with permission of John Wiley & 




due to larger steric hindrance between the two halves of the complex in 3.2–Ce compared to 3.3. 
It is noteworthy that complex 3.2–Ce displays no signs of decomposition in the solid state or in 
solution, whereas 3.3 is unstable in the solid state and decomposes to unknown paramagnetic 
products. We attribute the stability of 3.2–Ce to its interlocked heterobimetallic framework. The 






H} NMR spectra 




H} aryl resonances for broken D3 
solution symmetry (see experimental section, Figure 3.4.9). 
 Ce complexes are known to show valence ambiguity when coordinated by redox active 
ligands.
7
 Further support for the assignment of the canonical Ce
IV
 oxidation state in 3.2–Ce was 
established through solution electrochemical measurements (Figure 3.2.2). The measured rest 
potential in this experiment was –0.80 V versus Fc. Successive quasi-reversible metal reductions 
for 3.2–Ce were observed at Epc = –1.15 V and –1.45 V vs Fc and represent a stabilization of the  
  
Figure 3.2.2. Cyclic voltammogram of the isolated Ce
IV/III
 couple of 3.2–Ce in THF (ν = 500 mV·s
-
1








 oxidation wave by ~2.5 V as compared with the standard potential reported for the ion. 
Electrochemical reversibility was not improved by isolating either of the metal-based reduction 
waves, and the oxidation waves exhibited complex scan-rate dependent behavior (see 
experimental section, Figure 3.4.37). The potentials of these metal reductions are comparable to 
the voltammogram of 3.1–Ce observed in our previous report at Epc = –1.27 V. 
5
 
 Final assignment of the Ce
IV
 state was made through X-ray absorption near edge structure 
(XANES) using the LIII edge, where collected spectra for 3.1–Ce and 3.2–Ce  are shown in Figure 
3.2.3. As expected, the single edge feature at ~5725 eV for 3.1–Ce is consistent with a Ce
III
 
complex, whereas the split feature for 3.2–Ce centered at ~5730 eV supports bona fide Ce
IV
 ions. 
No temperature dependence of the XANES was observed between 30 K and 300 K. This data 




 quinone dimer by XANES, and confirms the ground 







Figure 3.2.3. Ce LIII edge XANES data for 3.1–Ce and 3.2–Ce at 30 and 300 K. Adapted with 




Although BQ has previously been used as an oxidant in cerium chemistry,
6, 7d, e, 8
 the oxidation 
of Ce
III
 complexes with BQ is surprising because BQ is a weak oxidant, and cerium(III) is a weak 
reductant. However, the observation of a fully reduced BQ moiety, as in 3.2–Ce, corresponds to a 
ΔEpc of the overall two electron reduction process for BQ by greater than ~1.6 V, which is the 
largest LAPPS observed for coordination to a lanthanide.
2f, 9‡
 The considerable LAPPS indicate 
that 2:1 Ce:BQ complex formation strongly activates the BQ moiety, and increases the likelihood 
of oxidation of other RE
III
 ions upon BQ coordination.  
Table 3.2.1. Selected bond distances for the BQ ligand in 3.2–Ce, 3.2–Pr, and 3.2–Nd. 










































Synthesis and Properties of RE-BQ Complexes (3.2–RE, RE = Pr and Nd) 
 Encouraged by the unprecedented LAPPS of the BQ in 3.2–Ce, we were interested in 




 ions within the tris(BINOLate) 
framework. By way of comparison, the next most oxidatively accessible tetravalent lanthanide 





 = Tb, Pr, Nd and Dy are established in solid state chemistry,
11
 their large formal 
oxidation potentials have prevented isolation of molecular complexes of those ions.
12
 We 
hypothesized that as in the case of 3.2–Ce, the highly activated, doubly coordinated BQ ligand 
could overcome these large formal oxidation potentials and induce changes in valence at Pr and 
Nd in the tris(BINOLate) framework. 
We prepared and crystallized known [Li3(THF)4][(BINOLate)3RE(THF)] RE = Pr (3.1–Pr) and Nd 
(3.1–Nd).
13




Figure 3.2.4. Comparison of the 50 % thermal ellipsoid plots of 3.2–Ce (upper) and 3.2–Pr 
(lower). The solvent and most BINOLate carbon atoms are removed. Reprinted with permission 
of John Wiley & Sons © 2013  
3.1–Nd is provided as supporting information. Interestingly, reaction of 3.1–Pr and 3.1–Nd with 
0.5 equiv of BQ in Et2O produced intense blue products (Scheme 3.2.1). X-ray structures of the 
complexes also revealed dimeric complexes, {[Li3(Et2O)3][(BINOLate)3RE]}2(μ–O2C6H4)·2Et2O RE 
= Pr (3.2–Pr), Nd (3.2–Nd), Figure 3.2.4, which are unique examples of BQ complexes of those 
ions. Unlike 3.2–Ce, however, the bond distances displayed in Table 3.2.1 indicate the BQ 
ligands in 3.2–Pr and 3.2–Nd are most consistent with the neutral, quinoid redox form. In light of 
the intense blue colors of 3.2–Pr and 3.2–Nd, magnetic susceptibility studies were conducted to 
detect changes in the 4f valence of the Pr or Nd ions upon coordination of BQ.  
 The temperature dependent χT product for the complexes 3.2–Pr and 3.2–Nd were measured 
between 2–300 K and field dependent measurements were performed at 2 K. The data for 3.1–Pr 
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and 3.2–Pr are shown in Figure 3.2.5, while data for 3.1–Nd and 3.2–Nd are provided as 
supporting information. The temperature dependent χT products for monomeric 3.1–Pr and 
dimeric 3.2–Pr were 1.40 and 2.63 emu K mol
–1
, respectively, at 300 K. The value for 3.1–Pr of 





 which are typically lower than the predicted value from L–S coupling 
of 1.60 emu K mol
–1
. 3.1–Pr and 3.2–Pr exhibited similar temperature dependences of the χT 
products, both decrease monotonically primarily due to the depopulation of Stark sublevels with 
decreasing temperature. Both 3.1–Pr and 3.2–Pr attain small values at 2 K, 0.14 and 0.10 emu K 
mol
–1
 respectively, which are consistent with orbital singlet ground states arising from a 4f
2
 
electronic configuration and the presence of trace, extrinsic paramagnetic impurities in both 
cases. The field dependent data for the complexes do not saturate but attain small values of 0.58 
and 0.54 B for the monomer and dimer respectively. 
 
 
Figure 3.2.5. Temperature dependent magnetic data for 3.1–Pr (■) and 3.2–Pr (Χ). Reprinted 




 The magnetic data for the dimeric complex 3.2–Pr definitively establishes Pr
III
 ions whose 
valences are unperturbed by the coordinated BQ ligand. As in 3.1–Pr and 3.2–Pr, the Nd 
monomer/dimer 3.1–Nd and 3.2–Nd are consistent with canonical trivalent metal oxidation states. 
These data are further supported by solution electrochemical measurements, (see experimental 
section, Figures 3.4.23 – 3.4.30), which display redox features for neutral BQ and ligand oxidation 
features of the tris(BINOLate) framework. Despite the assignment of 3.2–Pr and 3.2–Nd as 
trivalent, we were compelled to determine the origin of the intense blue color, and therefore set 
out to investigate their electronic structures.  
Solution Behavior and Electronic Structure of RE-BQ Complexes: 3.2–RE; RE = La, Pr, and 
Nd 
 To provide insight into the nature of the neutral coordinated BQ electronic structures, we 
synthesized similarly intense blue 3.2–La. Unlike 3.2–Ce, we noted that the dissolution of 3.2–La, 
3.2–Pr, or 3.2–Nd at low concentrations in THF–d8 resulted in loss of the intense colors observed 
in the solid state. We hypothesized the bleaching of the dark colors for 3.2–RE (RE = La, Pr, Nd) 
was due to dissociation of the BQ ligand in those complexes to 3.1–RE and free BQ. Comparison 
of the 
1
H-NMR spectra of the diamagnetic complexes 3.2–Ce and 3.2–La suggests differences in 







3.2–RE (RE = La, Pr, Nd) display D3 symmetry, which is identical to 3.1–RE except for the 
additional peaks corresponding to free BQ. In contrast, 3.2–Ce maintains the expected C3 






H}-NMR spectra, corresponding to 
the solid state structure of the complex. 
 To further support our hypothesis for the dissociation of 3.2–RE (RE: La, Pr, Nd) in THF, 
Diffusion Ordered 
1
H-NMR SpectroscopY (DOSY) was performed on the diamagnetic compounds 






H-NMR of 3.3.1–La (A, black), 3.2–La (B, blue), and 3.2–Ce (C, purple).  
* = BINOLate resonances; ■ = BQ resonances.  Reprinted with permission of John Wiley & Sons 
© 2013. 
 
300 K in the presence of two internal references, tetramethylsilane (TMS) and ferrocene (Fc). 
Measured diffusion coefficients (Do) and calculated hydrodynamic radii (rH) are displayed in Table 
3.2.2, and a representative DOSY spectrum for 3.2–Ce is displayed in Figure 3.2.7. The data 
indicate that 3.3.1–La and 3.2–La diffuse at similar rates, and their calculated rH values, rH(exp), 
agree well with theoretical rH values, rH(theo) for monomeric solution structures. In contrast, 3.2–Ce 
diffuses at a significantly slower rate, where rH(exp) is consistent with a dimeric solution structure 
(see experimental section, 
1
H-DOSY). These results clarify the solution behavior of 3.2–RE (RE = 
La, Pr, Nd). In THF solutions, BQ dissociates from 3.2–RE, because at high THF concentration, 
the equilibrium favours the dissociation of BQ. For 3.2–Ce the binding affinity is much higher for 
the anionic BQ
2–







H DOSY NMR spectrum of 3.2–Ce and internal references at 300K in THF-d8. 
Additional peaks (1–3) correspond to solvent impurities: 1 = THF, 2 = Et2O, 3 = Pentane. Adapted 
with permission of John Wiley & Sons © 2013  
Table 3.2.2. Do and rH for internal standards and 3.3.3.1–La, 3.3.2–La, and 3.2–Ce 


























 – – – 2.365 (6) 
Fc 16.5 (5) – – – 2.790 (2) 
3.3.1–La 5.55 (3) 9.24 (3) 8.60 (3) 8.92 (45) 8.854 (2) 
3.2–La 5.15 (5) 9.63 (3) 8.76 (3) 9.20 (61) 8.854 (2) 
3.2–Ce 3.94 (2) 12.6 (3) 11.5 (3) 12.0 (73) 12.548 (2) 
[a] – Based on rH(theo) for TMS. [b] – Based on rH(theo) for Fc. [c] – Average of rH(theo) for both TMS 
and Fc. [d] – rH(theo) determined from crystal structures; see Supporting Information for further 
experimental details. [e] –  Standard deviation in parenthesis. 
 
 The dissociation of 3.2–RE (RE = La, Pr, Nd) in THF was also evident in the electrochemical 
data for the complexes. Cyclic voltammograms of 3.2–RE were consistent with both free 3.1–RE 
and free BQ in THF solutions (Figure 3.2.8 and experimental section). Reduction potentials 
observed at ~E1/2 = –1.03 V upon dissolution of 3.2–RE (RE = La, Pr, Nd) were similar for all 
three complexes and were consistent with the first single-electron reduction observed for free BQ. 
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This is surprising given the large LAPPS observed with 3.1–Ce to obtain tetravalent 3.2–Ce; 
however, the negligible shifts in the formal potential of BQ can be rationalized by the small 
percentage of 3.1–RE coordinated to BQ in solution. It is important to note that the low binding 
affinity of 3.1–RE for BQ in THF solutions does not prevent activation of BQ, 3.1–Ce rapidly 
reacts with BQ in THF solution to yield 3.2–Ce.  
 We observed no metal-based oxidations in the electrochemical traces of 3.1–RE or 3.2–RE 
(RE = La, Pr, Nd), however, we did observe very similar irreversible oxidations events centered 
around ~0.25 V and 1.0 V vs Fc between the complexes. We have assigned these oxidations as 
BINOLate-based, given their similar oxidation potentials throughout the series (Figure 3.2.8 and 
experimental section). Further investigation of the solution properties of 3.2–RE in weakly 
coordinating and non-coordinating solvents were prevented by their insolubility in these solvents 
including diethyl ether, toluene, fluorobenzene, and dichloromethane. 
 
Figure 3.2.8. Cyclic voltammograms for 3.1–Nd (–) and 3.2–Nd (– –) in THF (ν = 500 mV s
-1
; 
[3.1–Nd] = 0.1 M; [3.2–Nd] = 1 mM; [NPr4][BAr
F
4] = 0.1 M). Inset displays scan rate dependence 




Solid State Characterization of Properties of RE-BQ Complexes: 3.2–RE; RE = La, Pr, and 
Nd 
 Given the lability of the BQ moiety in coordinating solvents for 3.2–RE (RE = La, Pr, Nd), we 
collected electronic absorption spectra on solid samples using diffuse reflectance measurements 
to investigate the electronic structures of the 3.2–RE complexes. The diffuse reflectance data for 
the 3.2–RE complexes reveal a broad feature centered at ~625 nm (Figure 3.2.9) that is also 
observed with near saturated solutions, ~50 mM in THF (see Supporting Information). This 
feature is distinctly different than that of the LMCT band observed for Ce
IV
 in 3.2–Ce, which is 
much more intense in both solution and the solid state and centered at ~480 nm. The 
physicochemical origin of the broad feature in 3.2–La, 3.2–Pr, and 3.2–Nd is made clear upon 
examination of their solid state structures; the neutral bridging BQ is within the van der Waals 
radii of one naphtholate fragments from a coordinated BINOLate ligand (Figure 3.2.9), forming an 
intramolecular charge-transfer (CT) complex.  
Charge transfer complexes between arene donors and quinoid acceptors, such as 
quinhydrones, are well documented for the main-group and transition metals,
15
 however, 3.2–La, 
3.2–Pr, and 3.2–Nd are the first examples of RE complexes exhibiting this phenomena. We 
attribute the intense colors of 3.2–La, 3.2–Pr, and 3.2–Nd to intramolecular CT interactions rather 
than charge transfer bands involving a change in metal valence. Typically, quinhydrone or 
phenol-quinone CT complexes involve non-covalent interactions such as hydrogen bonding and 
π-π stacking to assemble CT interactions, and the CT λmax are very sensitive to arenes 
substitution pattern and solvents.
15d, e
 In contrast, the solution CT interactions observed for 3.2–
RE are weak, concentration dependent in THF and present primarily in the solid state. The 
activated quinone is stabilized through the intramolecular donor-acceptor (D–A) interaction 
formed by the ligand framework; the reduced BINOLate fragment transfers electron density into 
the electron deficient BQ system. However, the overall contribution of this interaction is weak; the 





Figure 3.2.9. Solid state structure of 3.2–Pr (solvent molecules removed for clarity) illustrating the 
‘short-circuiting’ CT interaction in the solid state (top).  UV-Visible diffuse reflectance spectra for 
3.2–Ce (purple), 3.2–La (black), 3.2–Pr (green), and 3.2–Nd (blue), with f – f transitions for 3.2–
Nd marked with asterisks (*, bottom). Reprinted with permission of John Wiley & Sons © 2013  
 
3.1–Ce, and is only isolable when the ET process is unfavourable, when RE = La, Pr, or Nd. 
 
3.3 Conclusions 
 Using a heterobimetallic lanthanide framework, we have found that a 2:1 [Ce]:BQ complex 
results in > +1.6 V LAPPS, which is the largest potential shift that has been observed for 
coordination of an electron acceptor to a lanthanide cation. We attribute the unprecedented 
activation of BQ to coordination by two Lewis acids. This is the first example where Ce
III
 ions 
have been shown to shift the formal potential of an electron acceptor to induce oxidation to Ce
IV
. 
Interestingly, even weak/transient coordination of a Lewis-basic substrate to the RE cation can 
induce large LAPPS, where 3.1–Ce readily reduces BQ in coordinating solvent. This concept of 
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activating organic substrates with Ce
III
 as a reductant are of general interest; Ce
III
 is the most 






 Furthermore, the large LAPPS observed when RE = Ce, prompted our investigation of RE = 
La, Pr, and Nd. In the case of cerium, dimeric Ce
IV
–BQ complexes are the stable products of 




dimer. In contrast, La, Pr, 
and Nd coordination of BQ results in the isolation of the first lanthanide compounds featuring 
intramolecular CT complexes with an electron-deficient quinoid. Despite the isolation of RE
III
-
dimers in the case of 3.2–RE (RE = Pr, Nd), utilization of LAPPS is a promising strategy to 








3.4 Experimental Section 
Materials and general methods. All reactions and manipulations were performed under an inert 
atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II 
drybox equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. Glassware 






H}NMR spectra were obtained on a 
Bruker Uni–400 or on a Bruker AM–500 Fourier transform NMR spectrometer at 400 and 101 




H}-NMR were recorded on a Bruker AM-500 Fourier 
transform NMR spectrometer at 155 MHz. Chemical shifts were recorded in units of parts per 
million downfield from residual proteo solvent peaks (
1









H} spectra were referenced to external solution standards of LiCl in H2O (at 
zero ppm). All coupling constants are reported in hertz. The infrared spectra were obtained from 
400–4000 cm
-1
 using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were 
performed at the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer 
Series II 2400 CHNS analyzer. 
 Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were purchased from 
Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried using a commercial 
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two-column solvent purification system comprising columns packed with Q5 reactant and neutral 
alumina respectively (for hexanes and pentane), or two columns of neutral alumina (for THF, 
Et2O and CH2Cl2). Deuterated solvents were purchased from Cambridge Isotope Laboratories, 
Inc. and stored over potassium mirror overnight prior to use. Cerium(III) triflate (Strem Chemicals 
Inc.) was heated at 150 °C for 12 hours at ~100 mtorr prior to use. 1,4-Benzoquinone was 
purchased from Acros Organics and sublimed before use. Trityl chloride was purchased from 
Acros Organics and used without further purification. Ce(N(TMS)2)3,
17 
Li2(S-BINOLate), 
[Li3(THF)4][(BINOLate)3RE(THF)]·THF (RE = La, Ce, Pr)
5a, 13





 were prepared according to literature procedures.
  
Synthesis of [Li3(THF)4][(BINOLate)3Nd(THF)]∙THF (3.1–Nd). A 20 mL scintillation vial was 
charged with Nd(OTf)3 (1.00 g, 1.69 mmol; FW: 591.45), (S)–BINOL (1.45 g, 5.07 mmol, 3 equiv; 
FW: 286.32), THF (15 mL), and a Teflon-coated stir bar. LiN(SiMe3)2 (1.70 g, 10.1 mmol, 6 equiv; 
FW: 167.32) was added as a solid with an immediate color change to light blue. After 5 min the 
solution became clear, and the solution was stirred at room temperature for an additional 2 h. 
Solvents were removed under reduced pressure, extracted with toluene (20 mL), and filtered 
through a Celite-padded coarse porosity fritted filter. The solvent was removed under reduced 
pressure and the light blue powder was redissolved in minimal THF (10 mL) and layered with 
hexane in 1:4 volumetric ratio. Light blue crystals of 3.1–Nd were isolated by vacuum filtration 
over a medium porosity fritted filter, washed with hexane (3  5 mL), and dried for 3 h under 
reduced pressure. Light blue X-ray quality crystals were obtained by vapor diffusion of pentane 
into a concentrated THF solution of 3.1–Nd. Yield 1.83 g (1.26 mmol, 75% yield; FW: 1450.58). 
Anal. Calcd for C84H84O12Li3Nd: C, 69.55; H, 5.84. Found: C, 69.23; H, 5.48. 
1
H NMR (500 MHz, 
THF–d8) δ: 11.53 (d, J = 8.3 Hz, 2H), 8.83 (t, J = 7.7 Hz, 2H), 7.71 (dd, J = 14.9, 7.5 Hz, 4H), 5.25 








H} NMR (126 MHz, THF–
d8) δ: 161.4, 139.1, 139.0, 133.1, 133.1, 129.4, 128.1, 126.4, 124.7, 123.8. IR (KBr, cm
-1
) ν: 3048, 
2977, 2878, 1614, 1590, 1556, 1501, 1464, 1423, 1362, 1352, 1341, 1273, 1248, 1211, 1180, 
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Synthesis of [[Li3(Et2O)4][(BINOLate)3Ce]2(μ–O2C6H4) (3.2–Ce). A 20 mL vial was charged with 
[Li3(THF)4][(BINOLate)3Ce(THF)]·THF (150 mg, 0.104 mmol; FW: 1446.5 ) and Et2O (3 mL). 1,4–
benzoquinone (5.6 mg, 0.052 mmol, 0.5 equiv; FW: 108.10) was layered as an Et2O solution (1 
mL), and there was an immediate color change at the interface to dark purple. Additional Et2O (~1 
mL) was layered, followed by pentane (12 mL). The reaction was left overnight to yield dark 
purple crystals. The crystals were isolated by vacuum filtration over a medium porosity fritted 
filter, washed with hexanes (5 mL), and dried for 3 h under reduced pressure. X-ray quality single 
crystals were obtained from saturated Et2O solutions layered with pentane (1:4 volumetric ratio). 
Yield 126 mg (0.046 mmol, 89% yield; FW: 2728.79). Anal. Calcd for C158H156O22Li6Ce2: C, 69.54; 
H, 5.76. Found: C, 69.19; H, 5.46. 
1
H NMR (400 MHz, THF) δ 7.78 (d, J = 8.9 Hz, 6H), 7.74 (t, J = 
8.9 Hz, 18H), 7.49 (d, J = 8.9 Hz, 6H), 7.20 (d, J = 8.7 Hz, 6H), 7.08 (d, J = 8.6 Hz, 6H), 7.01 (t, J 









H} NMR (101 MHz, THF–d8) δ 169.2 (C–O, hydroquinone), 
165.3, 164.6, 135.9, 135.5, 129.8, 129.7, 128.6, 128.3, 127.8, 127.7, 127.4, 127.3, 126.3, 125.1, 
124.7, 121.7, 121.4, 119.8, 119.0, 118.1. Due to accidental equivalence, 21 of expected 22 
resonances were observed. IR (KBr, cm
–1
) ν: 3051, 2978, 2873, 1655 (w), 1614, 1589, 1557, 
1501, 14611, 1425, 1362, 1352, 1334, 1274, 1240, 1144, 1127, 1071, 992, 953, 862, 821, 746, 
666, 573, 475 cm
–1
.  
Alternate Synthesis of 3.2–Ce. A 125 mL side-arm flask was charged with 
[Li3(THF)4][(BINOLate)3Ce(THF)]·THF (500 mg, 0.346 mmol; FW: 1446.5 ), Et2O (20 mL), and a 
Teflon coated stir bar. 1,4–Benzoquinone (18.7 mg, 0.173 mmol, 0.5 equiv; FW: 108.10) was 
added to the light yellow solution as a solid, followed by an immediate color change to dark 
purple. The reaction was allowed to stir for an additional two hours, and the solvent volume was 
reduced to 5 mL under reduced pressure. Hexanes (15 mL) was added and the purple solid was 
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isolated by vacuum filtration over a medium frit and dried for 3 h. Yield 420 mg. (0.154 mmol, 
89%). 
General Procedure A: {[Li3(Et2O)3][(BINOLate)3RE]}2(μ–O2C6H4)·2Et2O (3.2–RE, RE = La, Pr, 
or Nd).  
A 20 mL vial was charged with [Li3(THF)4][(BINOLate)3RE(THF)]·THF (250 mg) and Et2O (3 mL). 
1,4–Benzoquinone (0.5 equiv) was layered as an Et2O solution (1 mL), and there was an 
immediate color change at the interface to dark blue/green. Additional Et2O (~1 mL) was layered, 
followed by pentane (12 mL). The reaction was set undisturbed for 14 h to yield dark blue/green 
crystals and a blue filtrate. The crystals were isolated by vacuum filtration over a medium porosity 
fritted filter, washed with minimal amounts of cold Et2O (3 mL) and hexanes (5 mL), and dried for 
3 h under reduced pressure. X-ray quality single crystals were also obtained under these layering 
conditions. 
{[Li3(Et2O)3][(BINOLate)3La]}2(μ–O2C6H4)·2Et2O (3.2–La). Prepared following general procedure 
A. 199 mg (0.0728 mmol, 84% yield; FW: 2726.37) Anal. Calcd for C158H156O22Li6La2: C, 69.60; H, 
5.77. Found: C, 69.28; H, 5.61. 
1
H NMR (500 MHz, THF–d8) δ: 7.66 (t, J = 7.5 Hz, 24H), 7.10 (d, 









H} NMR (126 MHz, THF–d8) δ187.9 (C=O, Quinone), 
163.3, 137.2 (C–H, Quinone), 136.6, 128.3, 128.3, 128.0, 126.8, 124.7, 120.3, 119.0 IR (KBr, cm
-
1
) ν: 3048, 2975, 2876, 1655 (C=O, quinone, s), 1614, 1590, 1556, 1500, 1463, 1423, 1362, 
1352, 1341, 1273, 1247, 1211, 1143, 1126, 1071, 1046, 993, 957, 935, 881, 859, 821, 745, 691, 
664, 633, 575, 487 cm
-1
.  
{[Li3(Et2O)3][(BINOLate)3Pr]}2(μ–O2C6H4)·2Et2O (3.2–Pr). Prepared following general procedure 
A. 180 mg (0.0658 mmol, 76% yield; FW: 2730.39) Anal. Calcd for C158H156O22Li6Pr2: C, 69.50; H, 
5.76. Found: C, 69.82; H, 5.83. 
1
H NMR (500 MHz, THF–d8) δ: 14.32 (s, 12H), 9.91 (s, 12H), 8.28 
(s, 12H), 7.69 (s, 12H), 6.31 (s, 4H, C–H, Quinone), 3.51 (s, 12H), –11.92 (s, 12H). Note: One of 
the Ar-H of the BINOLate resonances lies beneath that of the Et2O solvent peak. This is in 




H} NMR (155 
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H} NMR (126 MHz, THF–d8) δ: 176.2, 147.4, 143.7, 136.1 (C-H, 
Quinone), 135.1, 133.2, 129.0, 127.9, 125.7, 124.1, 123.8. The C=O (quinone) 
13
C resonance 
was not observed and is attributed to the paramagnetism of 3.2–Pr. IR (KBr, cm
-1
) ν: 3049 2975, 
2876, 1655 (C=O, quinone, s), 1614, 1590, 1556, 1501, 1464, 1424, 1362, 1352, 1341, 1274, 




{[Li3(Et2O)3][(BINOLate)3Nd]}2(μ–O2C6H4)·2Et2O (3.2–Nd). Prepared following general 
procedure A. 187 mg (0.0684 mmol, 79% yield; FW: 2737.05) Anal. Calcd for C158H156O22Li6Nd2: 
C, 69.33; H, 5.74. Found: C, 69.23; H, 5.49. 
1
H NMR (500 MHz, THF–d8) δ: 
1
H NMR (500 MHz, 
THF-d8) δ 11.58 (d, J = 9.0 Hz, 12H), 8.86 (d, J = 7.8 Hz, 12H), 8.04 – 7.48 (m, 24H), 6.21 (s, 








H} NMR (126 MHz, THF–d8) δ: 161.4, 139.2, 136.3 (C-H, Quinone), 133.2, 133.1, 129.3, 
128.2, 126.4, 124.7, 123.8. Due to overlap (accidental equivalence), 9 of the 10 BINOLate 
13
C 
were observed. Additionally, the C=O (quinone) 
13
C resonance was not observed and is 
attributed to the paramagnetism of 3.2–Nd. IR (KBr, cm
-1
) ν: 3048, 2971, 2876, 1656 (C=O, 
quinone, s), 1614, 1590, 1556, 1501, 1463, 1424, 1362, 1352, 1341, 1273, 1248, 1211, 1181, 











































































































H DOSY NMR. 
The NMR experiments for the determination of the self-diffusion coefficients and hydrodynamic 
radii were performed at 300 K on a Bruker Avance DRX 600 MHz spectrometer equipped with a 5 
mm TXI probe with a z-axis gradient coil. The gradient system was calibrated with a doped water 
sample. In Bipolar-LED experiments, diffusion time (D20, Δ) was 100 ms for all samples, and the 
duration (P30, δ) of the sine shaped gradients was set to 1.4 ms (3.1–La, and 3.2–La) or 1.6 ms 
(3.2–Ce). Data were systematically accumulated by linearly varying the diffusion gradients from 
95% to 5% for 16 gradient increment values. Data processing was accomplished with Bruker 
TOPSPIN 1.3 DOSY software and Bruker TOPSPIN 1.3 T1/T2 software, with representative 2D 
spectra processed using MestReNova v. 7.0.3. Diffusion coefficients (Do) were obtained after 
fitting area data to the Stejskal-Tanner expression with the Bruker TOPSPIN 1.3 T1/T2 software 
and the reported Do is an average value calculated from the different NMR responses within the 
same compound. Similarly, standard deviations associated with values of Do were calculated 
from differences in Do in the same sample using different NMR responses. The experiments were 
run in THF–d8 (~18.8 mM in sample) with 5.0 μL tetramethylsilane (TMS) and 1.9 mg ferrocene 
(Fc) used as internal standards. The diffusion coefficients (Do) for TMS and Fc in THF–d8 were 












 respectively, which are in good 
agreement with literature values.
14-16 
The hydrodynamic radii (rH(sample)) of 3.1–La, 3.2–La, and 
3.2–Ce were determined following Eq 3.4.1:  
 rH(sample) = [Do(reference)/Do(sample)] x rH(reference)         (Eq 3.4.1) 
where Do(reference) was the diffusion coefficient for the corresponding internal standard, 
Do(sample) was the diffusion coefficient of the sample, and rH(reference) was the hydrodynamic 
radii of the internal references.  Eq 3.4.1 was used to minimize errors between samples due to 
variations in viscosity and temperature, and is derived from the Stokes-Einstein equation:
17-18
 
  Do = kT/6rHπη
 
           (Eq 3.4.2) 
where Do is the diffusion coefficient, k is the Boltzmann constant, T is temperature, rH is the 
hydrodynamic radius, and η is the viscosity of the solution. The theoretical hydrodynamic radii 
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(rH(theo)) were determined from their reported crystal structures, taking the centroid of the molecule 
and measuring the distance to the furthest point in the molecule. 
 
Table 3.4.1. Collected diffusion data from 
1
H DOSY NMR experiments for 3.1–La, 3.2–La, and 
3.2–Ce 




































 – – – 2.376 (6) – – – 
Fc 16.5 (5) – – – 2.790 (2) – – – 
3.1–La 5.55 (3) 9.24 (3) 8.60 (3) 8.92 (45) 8.854 (2) – 0.7 – 
3.2–La 5.15 (5) 9.63 (3) 8.76 (3) 9.20 (61) 8.854 (2) 13.343 (2) 3.9 31.1 
3.2–Ce 3.94 (2) 12.6 (3) 11.5 (3) 12.0 (73) 8.854 (2) 12.548 (2) 36.0 4.0 
a – Based on rH(theo) for TMS. b – Based on rH(theo) for Fc. b – Average of rH(theo) for both TMS and 
Fc. d – rH(theo) determined from crystal structures; see Supporting Information for further 





Figure 3.4.16. Points used for determination of rH(theo) from the crystal structure of TMS. 
 
Figure 3.4.17. Points used for determination of rH(theo) from the crystal structure of Fc. 
 




Figure 3.4.19. Points used for determination of rH(theo) from the crystal structure of 3.2–La. The 
diameter obtained from drawing a line between the two ends of 3.2–La is twice the distance of 
the lines drawn from the centroid of the quinone (rH). 
 
Figure 3.4.20. Points used for determination of rH(theo) from the crystal structure of 3.2–Ce. The 
diameter obtained from drawing a line between the two ends of 3.2–Ce is twice the distance of 




Figure 3.4.21.  
1
H DOSY NMR spectrum of 3.1–La and internal references at 300K in THF–d8. 
Additional peaks (1) correspond to solvent impurities: 1 = THF. 
 
Figure 3.4.22.  
1
H DOSY NMR spectrum of 3.2–La and internal references at 300K in THF–d8. 
Additional peaks (1, 2) correspond to solvent impurities: 1 = THF, 2 = Et2O. 
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Magnetism. Magnetic data were collected using a Quantum Design Multi-Property Measurement 
System (MPMS-7) with a Reciprocating Sample Option at 2 T from 2–300 K and at 2 K from 0–7 
T. Quartz tubes (3 mm OD, 2 mm ID), quartz rods, and quartz wool were dried at 250 °C prior to 
use. The sample tubes were loaded with finely ground crystalline sample and packed on both 
sides with quartz wool in the N2 atmosphere drybox. Quartz wool ‘slugs’ were packed into 
separate small lengths of quartz ‘loading tubes’ prior to drying to facilitate direct transfer of the 
slugs into the quartz tube sample holder before and after loading the sample. The quartz wool 
slugs were loaded into the sample tube using a quartz ‘tamping’ rod. The sample was loaded 
through a glass Pasteur pipette that acted as a funnel. The samples and wool were massed to 
the nearest 0.1 mg with a calibrated and leveled Mettler-Toledo AL-204 analytical balance. 
Valves with Teflon stopcocks were attached to each end of the tube and the sample was 
removed from the glovebox. The samples were flame–Sealed under dynamic vacuum on a 
Schlenk line. A short length of heat–Shrink tubing was fitted to one end of the quartz tube and 
affixed to the tube by treatment with a heat gun. The open end of the heat shrink tubing was fitted 
to the end of the MPMS plastic sample transport, without heat shrinking, by fitting a ~1 cm length 
of drinking straw snugly over the tubing/transport assembly. Corrections for the intrinsic 
diamagnetism of the samples were made using Pascal’s constants.
[6]
  Data were collected on two 







































Figure 3.4.30. Field Dependence of 3.2–Nd at 2 K. 
 
Electrochemistry. Voltammetry experiments were performed using a CH Instruments 620D 
Electrochemical Analyzer/Workstation and the data were processed using CHI software v 9.24. 
All experiments were performed in an N2 atmosphere drybox using electrochemical cells that 
consisted of a 4 mL vial, glassy carbon (3 mm diameter) working electrode, a platinum wire 
counter electrode, and a silver wire plated with AgCl as a quasi-reference electrode. The working 
electrode surfaces were polished prior to each set of experiments, and were periodically replaced 
on scanning > 0 V versus ferrocene (Fc) to prevent the buildup of oxidized product on the 







4]). Potentials were reported versus Fc, which was 
added as an internal standard for calibration at the end of each run. All data were collected in a 
positive-feedback IR compensation mode. The THF solution cell resistances were measured prior 
to each run to insure resistances ~500 Ω.
5
 Scan rate dependences of 50–1000 mV/s were 
performed to determine electrochemical reversibility. Square-wave voltammetry of 2–RE, RE = 
La, Ce, Pr, Nd were collected using an increment of 0.004 V with an amplitude of 0.025 V and 
frequency of 15 Hz.  
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Table 3.4.2. Cyclic voltammetry values for 1–RE and 2–RE (RE = La, Pr, Nd) 
Complex 
Epa(BINOLate)             




[V vs. Fc] 
Epc(BQ)  
[V vs. Fc] 
3.1–La 0.204, 1.074 –0.426, 0.124 NA NA 
3.1–Pr 0.135, 1.01 –0.475, 0.095 NA NA 
3.1–Nd 0.268, 1.14 –0.352, 0.218 NA NA 
3.2–La 0.205, 1.08 –0.465, 0.075 –0.965 –1.10 
3.2–Pr 0.170, 1.06, 1.19 0.134, 0.214 –0.933 –1.09 
3.2–Nd 0.207, 1.22 –0.453, 0.077 –1.00 –1.12 
 
Table 3.4.3. Cyclic voltammetry values for 3.1–Ce and 3.2–Ce 
Complex 
Epa(BINOLate)             
[V vs. Fc] 
Epc(BINOLate) 










0.135, 0.315, 0.515, 
0.965 
0.135 –0.445 –1.085 
3.2–Ce 0.268, 0.408 0.368 –0.740 –1.15, –1.44 
 
Table 3.4.4. Cyclic voltammetry values of BQ couple for 2–RE (RE: La, Pr, Nd)  
Complex 
Epa(BQ)  
[V vs. Fc] 
Epc(BQ)  
[V vs. Fc] 
Eavg ((Epa + Epc)/2)  
[V vs. Fc] 
ΔEBQ(ΔE(2–RE) – 
ΔE(BQ))  
[V vs. Fc] 
3.2–La –0.965 –1.10 –1.03 + 0.03 V 
3.2–Pr –0.933 –1.09 –1.01 + 0.06 V 
3.2–Nd –1.00 –1.12 –1.06 + 0. 01 V 
BQ: – 1.07 V vs Fc (THF; [NPr4][BAr
F




Figure 3.4.31. Cyclic voltammogram (500 mV/s) of 3.2–La. 
 




Figure 3.4.33. Square-wave voltammetry of 3.2–La. 
 
Figure 3.4.34. Cyclic voltammogram (500 mV/s) of 3.1–La.  Full scan (black), First isolated ligand 









Figure 3.4.36. Cyclic voltammogram (500 mV/s) of 3.2–Ce. 
  





Figure 3.4.38. Square-wave voltammetry of 3.2–Ce. 
 









Figure 3.4.41. Cyclic voltammogram (500 mV/s) of 3.2–Pr. 
 





Figure 3.4.43. Square-wave voltammetry of 3.2–Pr. 
 
Figure 3.4.44. Cyclic voltammogram (500 mV/s) of 3.1–Pr.  Full scan (black), First ligand 









Figure 3.4.46. Cyclic voltammogram (500 mV/s) of 3.2–Nd. 
 
 





Figure 3.4.48. Square-wave voltammetry of 3.2–Nd. 
 





Figure 3.4.50.  Overlay of cyclic voltamograms for 3.1–Nd (line) and 3.2–Nd (dotted line). 
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UV-Visible Absorption and Diffuse Reflectance Spectroscopy 
The solution UV-Visible absorption spectra were obtained from 1000–225 nm using a Perkin 
Elmer 950 UV-Vis/NIR Spectrophotometer, and all samples were prepared under an N2 
environment. 1 mm pathlength screw cap quartz cells were used with a blank measured before 
each run. Diffuse reflectance spectra were collected on a Cary 5000 Spectrophotometer using a 
prepared KBr mull of 3.2–RE (RE = La, Ce, Pr, Nd; 10.5 mg 3.2–RE : 200 mg KBr). 






) λ (nm) 1/λ (cm
–1
) 
π – π* 2.99E+05 247 4.05E+04 
π – π* 4.93E+04 281 3.56E+04 
π – π* 2.82E+04 351 2.85E+04 
 




Figure 3.4.52.  Electronic Absorption Spectra of the CT region of 3.2–La (53.8 mM) in THF.
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) λ (nm) 1/λ (cm
–1
) 
π – π* 2.07E+05 245 4.08E+04 
π – π* 5.45E+04 283 3.53E+04 






) λ (nm) 1/λ (cm
–1
) 
π – π* 7.59E+05 238 4.20E+04 
π – π* 2.85E+05 276 3.62E+04 
π – π* 1.80E+05 344 2.91E+04 
CT 1.38E+04 477 2.10E+04 
 
 




 Figure 3.4.54.  Electronic Absorption Spectra of the CT region of 3.2–Ce in THF.
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) λ (nm) 1/λ (cm
–1
) 
π – π* 3.19E+05 245 4.08E+04 
π – π* 7.43E+04 279 3.58E+04 
π – π* 4.54E+04 352 2.84E+04 
f – f 7.21 450 2.22E+04 
f – f 5.47 456 2.20E+04 
f – f 4.90 460 2.17E+04 
f – f 5.86 475 2.10E+04 
f – f 11.8 485 2.06E+04 
 
 




Figure 3.4.56.  Electronic Absorption Spectra of the f–f transitions for 3.1–Pr in THF. 
 
 Figure 3.4.57.  Electronic Absorption Spectra of the CT region of 3.2–Pr (46.8 mM) in THF.
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) λ (nm) 1/λ (cm
–1
) 
π – π* 4.85E+05 245 4.08E+04 
π – π* 1.67E+05 279 3.58E+04 
π – π* 1.03E+05 347 2.88E+04 
f – f 6.20 886 1.13E+04 
f – f 6.38 868 1.15E+04 
f – f 10.4 811 1.23E+04 
f – f 11.2 801 1.25E+04 
f – f 7.75 755 1.32E+04 
f – f 9.39 743 1.35E+04 
f – f 14.6 603 1.66E+04 
f – f 53.2 590 1.69E+04 
f – f 55.0 587 1.70E+04 
f – f 46.4 577 1.73E+04 
f – f 15.1 531 1.88E+04 
f – f 9.65 516 1.94E+04 
 
 




Figure 3.4.59.  Electronic Absorption Spectra of the f–f transitions for 3.1–Nd in THF.  
 





Figure 3.4.61. Electronic Absorption spectra centered on the CT region for 2–RE; RE = La 




Figure 3.4.62. Diffuse Reflectance spectra centered on the CT region for 2–RE; RE = La (black), 
Ce (purple), Pr (green), Nd (blue). 
 
Table 3.4.9. Diffuse Reflectance Data (2–RE) 
Complex CT λmax [nm] f–f λmax [nm] 
3.2–Ce 490 --- 
3.2–La 435, 627 --- 
3.2–Pr 433, 627 --- 
3.2–Nd 437, 636 585, 591, 604 
 
Table 3.4.10. Charge Transfer Data (2–RE) 
Complex 
Diff. Ref. CT λmax 
[nm] 
UV-Vis CT  
λmax [nm] 
3.2–Ce 490 473 
3.2–La 435, 627 426, 641 
3.2–Pr 433, 627 421, 641 






X-ray crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1)K. The crystal of [Li3(THF)4][(BINOLate)3Nd(THF)]∙THF (3.1–Nd) grew as a non-
merohedral twin; the program CELL_NOW
19
 was used to index the diffraction images and to 
determine the twinning mechanism. The crystal was twinned by a rotation of 180° about the c 
direct axis. In all cases, rotation frames were integrated using SAINT,
20





) values which were then passed to the SHELXTL
21
 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 





The structures were solved by direct methods (SHELXS-97).
24
 Refinement was by full-matrix 




 All reflections were used during refinements. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. For the structure 3.1–Nd and 3.2–Pr there was an area of disordered solvent for which a 
reliable disorder model could not be devised; the X-ray data were corrected for the presence of 
disordered solvent using SQUEEZE.
25
 Crystallographic data and structure refinement information 
are summarized in Table 3.4.11 – 3.4.13. The crystallographically determined bond lengths and 
angles for 3.1–Nd (Penn4219), 3.2–Ce (Penn4012), 3.2–La (Penn4218), 3.2–Pr (Penn4016), and 





Figure 3.4.63. Thermal ellipsoid plot of [Li3(THF)4][(BINOLate)3Nd(THF)]·THF, 3.1–Nd, with 50% 
probability thermal ellipsoids. An interstitial THF has been removed for clarity.  Selected bond 
distances (Å):  Nd(1)–O(1) 2.429(2), Nd(1)–O(2) 2.4221(19), Nd(1)–O(3) 2.3465(18), Nd(1)–O(4) 
2.399(3), Nd(1)–O(5) 2.346(3), Nd(1)–O(6) 2.412(2), Nd(1)–O(11) 2.523(3), Li(1)–O(1) 1.843(8), 





Figure 3.4.64. Thermal Ellipsoid Plot of {[Li3(Et2O)3][(BINOLate)3La]}2(μ–O2C6H4)·2Et2O, 3.2–La, 





Figure 3.4.65. Thermal Ellipsoid Plot of {[Li3(Et2O)3][(BINOLate)3Pr]}2(μ–O2C6H4)·2Et2O, 3.2–Pr, 





Figure 3.4.66. Thermal Ellipsoid Plot of {[Li3(Et2O)3][(BINOLate)3Nd]}2(μ–O2C6H4)·2Et2O, 3.2–Nd, 
with 50% probability thermal ellipsoids.  Solvent molecules have been removed for clarity. 
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Table 3.4.11. Crystallographic parameters for compounds 3.1–Nd, and 3.2–Ce. 
 3.1–Nd (Penn4219) 3.2–Ce (Penn4012) 
Empirical formula C84H84O12Li3Nd C158H156O22Li6Ce2 
Formula weight 1450.57 2728.71 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073  
Crystal system monoclinic monoclinic 
Space group P21      P21      
Cell constants   
a (Å) 18.2775(12) 13.8652(18) 
b (Å) 11.4640(7) 36.747(4) 
c (Å) 19.0161(12) 14.9515(19) 
α (
o
) 90.00 90.00 
β (
o
) 100.685(3) 115.301(7) 
γ (
o
) 90.00 90.00 
V (Å
3
) 3915.4(4) 6887.1(15) 
Z 2 2 
ρcalc (mg/cm
3
) 1.230 1.316 
µ (Mo Kα) (mm
–1
) 0.721 0.721 
F(000) 1506 2828 
Crystal size (mm
3
) 0.38 x 0.22 x 0.12 0.35 x 0.10 x 0.03 
Theta range for data collection 1.71 to 27.54° 1.51 to 27.72° 
Index ranges 
-23 ≤ h ≤ 23, -14 ≤ k ≤ 14, -24 ≤ 
l ≤ 24 
-18 ≤ h ≤ 18, -48 ≤ k ≤ 42, -19 ≤ 
l ≤ 19 
Reflections collected 96964 96036 
Independent collections 17685 [R(int) = 0.0228] 29933 [R(int) = 0.0759] 
Completeness to theta = 27.52
o
 99.90% 98.70% 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6944 0.7456 and 0.5719 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F2 
Data / restraints / parameters 17685 / 200 / 947 29933 / 185 / 1712 
Goodness–of–fit on F
2
 1.192 0.962 
Final R indices [I>2sigma(I)] R1 = 0.0316, wR2 = 0.1036 R1 = 0.0617, wR2 = 0.1396 
R indices (all data) R1 = 0.0345, wR2 = 0.1072 R1 = 0.1142, wR2 = 0.1643 




1.292 and -0.615 1.418 and -0.826 
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Table 3.4.12. Crystallographic parameters for compounds 3.2–La, and 3.2–Pr. 
  3.2–La (Penn4218) 3.2–Pr (Penn4016) 
Empirical formula C166H176O24Li6La2 C166H176O24Li6Pr2 
Formula weight 2874.53 2878.53 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system triclinic triclinic 
Space group P1        P1 
Cell constants   
a (Å) 15.0573(12) 15.0366(10) 
b (Å) 15.1269(12) 15.0710(10) 
c (Å) 19.3604(15) 19.333(2) 
α (
o
) 90.362(4) 90.341(4) 
β (
o
) 100.937(4) 101.109(4) 
γ (
o
) 119.685(3) 119.615(3) 
V (Å
3
) 3735.3(5) 3711.2(5) 
Z 1 1 
ρcalc (mg/cm
3
) 1.278 1.288 
µ (Mo Kα) (mm
–1
) 0.632 0.717 
F(000) 1496 1500 
Crystal size (mm
3
) 0.50 x 0.30 x 0.20 0.32 x 0.25 x 0.12 
Theta range for data collection 1.57 to 27.50° 1.79 to 27.62° 
Index ranges 
-19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -25 ≤ 
l ≤ 25 
-19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -25 ≤ 
l ≤ 25 
Reflections collected 106782 72110 
Independent collections 32945 [R(int) = 0.0179] 32634 [R(int) = 0.0267] 
Completeness to theta = 27.52
o
 99.80% 98.40% 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6732 0.7456 and 0.6439 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 32945 / 70 / 1784 32634 / 73 / 1748 
Goodness–of–fit on F
2
 1.071 1.049 
Final R indices [I>2sigma(I)] R1 = 0.0296, wR2 = 0.0779 R1 = 0.0412, wR2 = 0.1059 
R indices (all data) R1 = 0.0318, wR2 = 0.0797 R1 = 0.0498, wR2 = 0.1113 








Table 3.4.13. Crystallographic parameters for compounds 3.2–Nd. 
  3.2–Nd (Penn4222) 
Empirical formula C166H176O24Li6Nd2 
Formula weight 2885.19 
Temperature (K) 143(1) 
Wavelength (Å) 0.71073 
Crystal system triclinic 
Space group P1        
Cell constants  
a (Å) 15.0573(6) 
b (Å) 15.1269(6) 























) 0.32 x 0.24 x 0.12 
Theta range for data collection 1.57 to 27.77° 
Index ranges 
-19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -25 ≤ 
l ≤ 25 
Reflections collected 121262 
Independent collections 33507 [R(int) = 0.0279] 
Completeness to theta = 27.52
o
 97.30% 
Absorption correction Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6708 
Refinement method Full-matrix least-squares on F
2
 




Final R indices [I>2sigma(I)] R1 = 0.0420, wR2 = 0.1060 
R indices (all data) R1 = 0.0498, wR2 = 0.1122 








 Table 3.4.14. Bond lengths for compound 3.1–Nd (Å). 
Nd1-O5  2.346(3) Nd1-O3  2.3465(18) Nd1-O4  2.399(3) 
Nd1-O6  2.412(2) Nd1-O2  2.4221(19) Nd1-O1  2.429(2) 
Nd1-O11  2.523(3) Nd1-Li1  3.157(6) Nd1-Li3  3.161(6) 
Nd1-Li2  3.300(5) O1-C1  1.322(4) O1-Li1  1.843(8) 
O2-C20  1.330(4) O2-Li3  1.901(7) O3-C21  1.330(4) 
O3-Li2  1.903(5) O4-C40  1.334(5) O4-Li1  1.857(8) 
O5-C41  1.349(5) O5-Li3  1.858(7) O6-C60  1.336(3) 
O6-Li2  1.905(5) O7-C64  1.423(6) O7-C61  1.435(6) 
O7-Li1  1.887(7) O8-C68  1.410(7) O8-C65  1.463(7) 
O8-Li2  1.952(9) O9-C72'  1.422(12) O9-C72  1.450(10) 
O9-C69  1.454(6) O9-Li2  1.960(10) O10-C76  1.444(5) 
O10-C73  1.469(5) O10-Li3  1.908(7) O11-C77  1.422(5) 
O11-C80  1.461(5) C1-C10  1.407(5) C1-C2  1.425(5) 
C2-C3  1.360(5) C3-C4  1.437(5) C4-C5  1.420(7) 
C4-C9  1.428(5) C5-C6  1.355(6) C6-C7  1.429(7) 
C7-C8  1.373(6) C8-C9  1.424(5) C9-C10  1.433(5) 
C10-C11  1.490(4) C10-Li3  2.655(7) C11-C20  1.385(5) 
C11-C12  1.435(4) C12-C13  1.412(5) C12-C17  1.427(5) 
C13-C14  1.376(6) C14-C15  1.398(7) C15-C16  1.364(7) 
C16-C17  1.427(5) C17-C18  1.400(5) C18-C19  1.363(5) 
C19-C20  1.433(5) C21-C30  1.394(5) C21-C22  1.433(5) 
C22-C23  1.360(5) C23-C24  1.424(6) C24-C29  1.413(6) 
C24-C25  1.420(5) C25-C26  1.360(7) C26-C27  1.407(8) 
C27-C28  1.363(6) C28-C29  1.422(5) C29-C30  1.443(5) 
C30-C31  1.485(5) C31-C40  1.393(5) C31-C32  1.439(5) 
C32-C37  1.420(6) C32-C33  1.421(6) C33-C34  1.387(6) 
C34-C35  1.398(8) C35-C36  1.354(8) C36-C37  1.421(6) 
C37-C38  1.420(7) C38-C39  1.360(6) C39-C40  1.429(5) 
C40-Li1  2.787(9) C41-C50  1.391(5) C41-C42  1.406(6) 
C42-C43  1.359(6) C43-C44  1.418(5) C44-C45  1.416(6) 
C44-C49  1.428(5) C45-C46  1.367(6) C46-C47  1.392(8) 
C47-C48  1.377(6) C48-C49  1.429(5) C49-C50  1.427(5) 
C50-C51  1.490(5) C51-C60  1.390(6) C51-C52  1.436(5) 
C52-C53  1.420(6) C52-C57  1.420(7) C53-C54  1.376(5) 
C54-C55  1.404(8) C55-C56  1.345(9) C56-C57  1.436(5) 
C57-C58  1.412(7) C58-C59  1.359(6) C59-C60  1.411(6) 
C61-C62  1.474(10) C62-C63  1.379(10) C63-C64  1.496(10) 
C65-C66  1.495(14) C66-C67  1.371(16) C67-C68  1.437(13) 
C69-C70  1.516(9) C70-C71  1.483(13) C71-C72'  1.469(14) 
C71-C72  1.544(12) C73-C74  1.490(7) C74-C75  1.502(6) 
C75-C76  1.517(5) C77-C78  1.479(7) C78-C79  1.520(8) 
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C79-C80  1.500(6) O12-C84  1.389(14) O12-C81  1.545(15) 
C81-C82  1.466(14) C82-C83  1.429(15) C84-C83  1.460(14) 
O12'-C81'  1.391(15) O12'-C83  1.426(13) C81'-C82'  1.495(17) 
C82'-C83'  1.468(17) C83'-C83  1.454(17)   
 
Table 3.4.15. Bond angles for compound 3.1–Nd (o). 
O5-Nd1-O3 116.47(12) O5-Nd1-O4 153.03(10) O3-Nd1-O4 75.88(10) 
O5-Nd1-O6 78.59(10) O3-Nd1-O6 69.12(6) O4-Nd1-O6 128.04(10) 
O5-Nd1-O2 71.24(10) O3-Nd1-O2 156.55(7) O4-Nd1-O2 88.66(9) 
O6-Nd1-O2 133.77(7) O5-Nd1-O1 85.42(10) O3-Nd1-O1 84.62(9) 
O4-Nd1-O1 71.45(9) O6-Nd1-O1 138.25(10) O2-Nd1-O1 73.67(8) 
O5-Nd1-O11 101.01(10) O3-Nd1-O11 122.43(11) O4-Nd1-O11 90.13(10) 
O6-Nd1-O11 78.23(11) O2-Nd1-O11 74.26(10) O1-Nd1-O11 143.13(10) 
O5-Nd1-Li1 119.71(17) O3-Nd1-Li1 78.47(16) O4-Nd1-Li1 35.87(17) 
O6-Nd1-Li1 147.51(16) O2-Nd1-Li1 78.71(16) O1-Nd1-Li1 35.59(17) 
O11-Nd1-Li1 119.44(17) O5-Nd1-Li3 35.70(13) O3-Nd1-Li3 141.21(16) 
O4-Nd1-Li3 119.77(13) O6-Nd1-Li3 111.56(13) O2-Nd1-Li3 36.89(14) 
O1-Nd1-Li3 69.91(13) O11-Nd1-Li3 94.29(15) Li1-Nd1-Li3 94.99(19) 
O5-Nd1-Li2 99.82(18) O3-Nd1-Li2 34.42(10) O4-Nd1-Li2 102.12(16) 
O6-Nd1-Li2 34.75(10) O2-Nd1-Li2 168.27(11) O1-Nd1-Li2 113.96(14) 
O11-Nd1-Li2 100.78(16) Li1-Nd1-Li2 112.77(18) Li3-Nd1-Li2 135.3(2) 
C1-O1-Li1 126.0(3) C1-O1-Nd1 125.9(2) Li1-O1-Nd1 94.3(2) 
C20-O2-Li3 120.2(3) C20-O2-Nd1 121.19(18) Li3-O2-Nd1 93.2(2) 
C21-O3-Li2 136.2(2) C21-O3-Nd1 120.92(17) Li2-O3-Nd1 101.39(16) 
C40-O4-Li1 120.9(3) C40-O4-Nd1 125.2(2) Li1-O4-Nd1 94.9(3) 
C41-O5-Li3 134.4(3) C41-O5-Nd1 126.8(2) Li3-O5-Nd1 96.8(2) 
C60-O6-Li2 142.6(2) C60-O6-Nd1 118.28(17) Li2-O6-Nd1 99.04(16) 
C64-O7-C61 109.8(3) C64-O7-Li1 122.3(4) C61-O7-Li1 127.9(4) 
C68-O8-C65 108.2(5) C68-O8-Li2 118.7(4) C65-O8-Li2 127.5(4) 
C72'-O9-C72 30.4(7) C72'-O9-C69 108.4(7) C72-O9-C69 108.4(5) 
C72'-O9-Li2 133.6(7) C72-O9-Li2 120.6(6) C69-O9-Li2 117.6(4) 
C76-O10-C73 108.1(3) C76-O10-Li3 120.1(3) C73-O10-Li3 114.7(3) 
C77-O11-C80 107.5(3) C77-O11-Nd1 128.5(2) C80-O11-Nd1 123.8(2) 
O1-C1-C10 123.0(3) O1-C1-C2 118.3(3) C10-C1-C2 118.7(3) 
C3-C2-C1 122.1(3) C2-C3-C4 120.7(3) C5-C4-C9 120.3(4) 
C5-C4-C3 121.8(4) C9-C4-C3 117.9(3) C6-C5-C4 120.7(5) 
C5-C6-C7 119.9(4) C8-C7-C6 120.5(4) C7-C8-C9 121.1(4) 
C8-C9-C4 117.5(3) C8-C9-C10 122.1(3) C4-C9-C10 120.4(3) 
C1-C10-C9 119.5(3) C1-C10-C11 118.7(3) C9-C10-C11 121.8(3) 
C1-C10-Li3 83.4(2) C9-C10-Li3 93.9(2) C11-C10-Li3 93.8(2) 
C20-C11-C12 120.3(3) C20-C11-C10 118.9(3) C12-C11-C10 120.7(3) 
C13-C12-C17 118.1(3) C13-C12-C11 122.7(3) C17-C12-C11 119.2(3) 
C14-C13-C12 121.0(4) C13-C14-C15 121.1(5) C16-C15-C14 119.6(5) 
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C15-C16-C17 121.2(4) C18-C17-C12 119.1(3) C18-C17-C16 121.9(4) 
C12-C17-C16 118.9(4) C19-C18-C17 121.3(3) C18-C19-C20 121.0(3) 
O2-C20-C11 122.2(3) O2-C20-C19 118.8(3) C11-C20-C19 119.0(3) 
O3-C21-C30 122.4(3) O3-C21-C22 117.8(3) C30-C21-C22 119.8(3) 
C23-C22-C21 121.4(3) C22-C23-C24 120.2(4) C29-C24-C25 120.1(4) 
C29-C24-C23 119.5(3) C25-C24-C23 120.3(4) C26-C25-C24 120.2(5) 
C25-C26-C27 120.3(5) C28-C27-C26 120.5(5) C27-C28-C29 121.2(4) 
C24-C29-C28 117.6(3) C24-C29-C30 120.0(3) C28-C29-C30 122.4(3) 
C21-C30-C29 118.9(3) C21-C30-C31 119.6(3) C29-C30-C31 121.5(3) 
C40-C31-C32 118.7(3) C40-C31-C30 120.2(3) C32-C31-C30 121.1(3) 
C37-C32-C33 117.4(4) C37-C32-C31 120.6(4) C33-C32-C31 121.9(4) 
C34-C33-C32 121.2(4) C33-C34-C35 120.4(5) C36-C35-C34 119.9(4) 
C35-C36-C37 121.6(4) C32-C37-C38 118.7(4) C32-C37-C36 119.5(4) 
C38-C37-C36 121.8(4) C39-C38-C37 120.5(4) C38-C39-C40 121.7(4) 
O4-C40-C31 122.0(3) O4-C40-C39 118.2(3) C31-C40-C39 119.7(3) 
O4-C40-Li1 34.9(2) C31-C40-Li1 95.6(3) C39-C40-Li1 138.1(3) 
O5-C41-C50 121.8(4) O5-C41-C42 118.2(3) C50-C41-C42 120.0(3) 
C43-C42-C41 121.8(3) C42-C43-C44 120.8(3) C45-C44-C43 122.3(4) 
C45-C44-C49 119.6(4) C43-C44-C49 118.0(3) C46-C45-C44 121.5(5) 
C45-C46-C47 119.6(5) C48-C47-C46 121.0(4) C47-C48-C49 121.3(4) 
C50-C49-C44 120.4(3) C50-C49-C48 122.6(3) C44-C49-C48 116.9(3) 
C41-C50-C49 119.0(3) C41-C50-C51 121.9(3) C49-C50-C51 119.0(3) 
C60-C51-C52 119.4(3) C60-C51-C50 120.2(3) C52-C51-C50 120.4(3) 
C53-C52-C57 117.8(3) C53-C52-C51 122.2(3) C57-C52-C51 120.0(4) 
C54-C53-C52 121.6(4) C53-C54-C55 120.3(5) C56-C55-C54 119.8(4) 
C55-C56-C57 122.0(6) C58-C57-C52 118.6(3) C58-C57-C56 123.0(5) 
C52-C57-C56 118.5(5) C59-C58-C57 120.2(4) C58-C59-C60 122.8(4) 
O6-C60-C51 123.1(4) O6-C60-C59 118.4(4) C51-C60-C59 118.5(3) 
O7-C61-C62 105.0(6) C63-C62-C61 111.1(8) C62-C63-C64 106.4(7) 
O7-C64-C63 107.3(6) O8-C65-C66 104.3(7) C67-C66-C65 108.5(8) 
C66-C67-C68 109.5(8) O8-C68-C67 107.9(7) O9-C69-C70 104.2(5) 
C71-C70-C69 105.1(6) C72'-C71-C70 101.2(9) C72'-C71-C72 28.9(7) 
C70-C71-C72 107.8(7) O9-C72-C71 102.7(8) O9-C72'-C71 108.0(10) 
O10-C73-C74 105.7(4) C73-C74-C75 102.1(3) C74-C75-C76 102.0(3) 
O10-C76-C75 105.5(3) O11-C77-C78 105.4(4) C77-C78-C79 102.7(5) 
C80-C79-C78 106.4(4) O11-C80-C79 105.0(3) O1-Li1-O4 99.3(3) 
O1-Li1-O7 123.1(5) O4-Li1-O7 137.5(5) O1-Li1-C40 115.9(3) 
O4-Li1-C40 24.26(16) O7-Li1-C40 119.1(4) O1-Li1-Nd1 50.10(17) 
O4-Li1-Nd1 49.20(17) O7-Li1-Nd1 172.5(4) C40-Li1-Nd1 68.27(16) 
O3-Li2-O6 90.3(2) O3-Li2-O8 115.3(4) O6-Li2-O8 121.2(5) 
O3-Li2-O9 109.1(4) O6-Li2-O9 117.0(5) O8-Li2-O9 103.6(3) 
O3-Li2-Nd1 44.19(11) O6-Li2-Nd1 46.21(12) O8-Li2-Nd1 133.9(4) 
O9-Li2-Nd1 121.6(4) O5-Li3-O2 95.3(3) O5-Li3-O10 111.8(3) 
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O2-Li3-O10 135.3(4) O5-Li3-C10 116.5(3) O2-Li3-C10 74.4(2) 
O10-Li3-C10 118.7(3) O5-Li3-Nd1 47.46(17) O2-Li3-Nd1 49.90(16) 
O10-Li3-Nd1 153.1(3) C10-Li3-Nd1 88.09(19) C84-O12-C81 100.8(11) 
C82-C81-O12 106.7(11) C83-C82-C81 103.1(12) O12-C84-C83 112.2(11) 
C81'-O12'-C83 106.2(12) O12'-C81'-C82' 107.2(15) C83'-C82'-C81' 108.2(18) 
C83-C83'-C82' 100.2(14) O12'-C83-C82 86.9(11) O12'-C83-C83' 111.0(12) 
C82-C83-C83' 72.1(14) O12'-C83-C84 65.2(11) C82-C83-C84 107.5(10) 
C83'-C83-C84 61.0(13)     
 
Table 3.4.16. Bond lengths for compound 3.2–Ce (Å). 
Ce1-O13  2.124(5) Ce1-O3  2.281(5) Ce1-O1  2.294(4) 
Ce1-O2  2.301(5) Ce1-O5  2.305(5) Ce1-O4  2.357(5) 
Ce1-O6  2.383(5) Ce1-C41  3.097(6) Ce1-Li1  3.182(12) 
Ce1-Li2  3.191(11) Ce1-Li3  3.223(17) Ce2-O14  2.143(5) 
Ce2-O10  2.301(5) Ce2-O7  2.306(5) Ce2-O9  2.310(5) 
Ce2-O8  2.311(5) Ce2-O11  2.338(5) Ce2-O12  2.368(5) 
Ce2-C61  3.077(7) Ce2-Li6  3.184(16) Ce2-Li5  3.195(13) 
Ce2-Li4  3.304(17) O1-C1  1.332(8) O1-Li1  1.797(15) 
O2-C20  1.348(8) O2-Li3  1.925(17) O3-C21  1.330(9) 
O3-Li2  1.864(12) O4-C40  1.310(8) O4-Li1  1.816(13) 
O5-C41  1.344(8) O5-Li3  1.844(16) O6-C60  1.352(9) 
O6-Li2  1.866(15) O7-C61  1.346(8) O7-Li4  1.888(16) 
O8-C80  1.318(9) O8-Li6  1.877(18) O9-C81  1.335(8) 
O9-Li5  1.820(14) O10-C100  1.327(8) O10-Li4  1.930(18) 
O11-C101  1.332(8) O11-Li6  1.836(17) O12-C120  1.320(8) 
O12-Li5  1.832(14) O13-C121  1.341(8) O14-C124  1.340(8) 
C1-C2  1.394(9) C1-C10  1.403(9) C2-C3  1.352(10) 
C3-C4  1.416(10) C4-C5  1.411(10) C4-C9  1.417(10) 
C5-C6  1.343(13) C6-C7  1.403(14) C7-C8  1.342(12) 
C8-C9  1.418(10) C9-C10  1.389(10) C10-C11  1.478(10) 
C11-C20  1.399(9) C11-C12  1.421(10) C12-C13  1.410(10) 
C12-C17  1.417(10) C13-C14  1.360(10) C14-C15  1.389(12) 
C15-C16  1.330(12) C16-C17  1.435(10) C17-C18  1.392(11) 
C18-C19  1.349(11) C19-C20  1.400(11) C21-C30  1.377(9) 
C21-C22  1.423(10) C22-C23  1.342(12) C23-C24  1.431(12) 
C24-C25  1.401(13) C24-C29  1.406(12) C25-C26  1.332(15) 
C26-C27  1.375(16) C27-C28  1.380(13) C28-C29  1.440(11) 
C29-C30  1.380(11) C30-C31  1.503(10) C31-C32  1.396(10) 
C31-C40  1.403(11) C31-Li2  2.777(15) C32-C33  1.413(12) 
C32-C37  1.417(11) C33-C34  1.369(12) C34-C35  1.383(17) 
C35-C36  1.374(16) C36-C37  1.397(11) C37-C38  1.444(13) 
C38-C39  1.355(11) C39-C40  1.404(11) C41-C50  1.385(10) 
C41-C42  1.389(10) C42-C43  1.358(10) C43-C44  1.413(10) 
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C44-C49  1.390(10) C44-C45  1.425(9) C45-C46  1.357(12) 
C46-C47  1.390(12) C47-C48  1.366(10) C48-C49  1.442(11) 
C49-C50  1.423(10) C50-C51  1.469(10) C51-C52  1.415(11) 
C51-C60  1.424(11) C52-C57  1.377(12) C52-C53  1.418(12) 
C53-C54  1.378(12) C54-C55  1.398(16) C55-C56  1.299(15) 
C56-C57  1.442(13) C57-C58  1.386(14) C58-C59  1.364(13) 
C59-C60  1.375(11) C61-C70  1.373(10) C61-C62  1.419(10) 
C62-C63  1.370(10) C63-C64  1.375(10) C64-C69  1.418(10) 
C64-C65  1.421(10) C65-C66  1.341(12) C66-C67  1.393(12) 
C67-C68  1.367(11) C68-C69  1.388(11) C69-C70  1.425(9) 
C70-C71  1.477(10) C71-C80  1.372(10) C71-C72  1.447(10) 
C72-C77  1.390(11) C72-C73  1.396(11) C73-C74  1.365(11) 
C74-C75  1.364(13) C75-C76  1.356(14) C76-C77  1.443(11) 
C77-C78  1.397(13) C78-C79  1.375(12) C79-C80  1.429(10) 
C81-C90  1.358(10) C81-C82  1.406(10) C82-C83  1.353(11) 
C83-C84  1.384(11) C84-C85  1.392(12) C84-C89  1.430(11) 
C85-C86  1.328(14) C86-C87  1.397(15) C87-C88  1.378(12) 
C88-C89  1.433(11) C89-C90  1.422(10) C90-C91  1.509(9) 
C91-C100  1.372(10) C91-C92  1.427(9) C92-C93  1.392(11) 
C92-C97  1.454(10) C93-C94  1.375(10) C94-C95  1.385(12) 
C95-C96  1.374(13) C96-C97  1.393(11) C97-C98  1.392(12) 
C98-C99  1.361(11) C99-C100  1.416(10) C101-C110  1.395(10) 
C101-C102  1.408(11) C102-C103  1.347(11) C103-C104  1.400(12) 
C104-C109  1.407(11) C104-C105  1.419(12) C105-C106  1.282(14) 
C106-C107  1.374(15) C107-C108  1.376(13) C108-C109  1.411(11) 
C109-C110  1.434(10) C110-C111  1.478(11) C111-C120  1.386(11) 
C111-C112  1.437(10) C112-C117  1.401(11) C112-C113  1.419(12) 
C113-C114  1.360(12) C114-C115  1.384(15) C115-C116  1.336(15) 
C116-C117  1.430(13) C117-C118  1.381(14) C118-C119  1.379(13) 
C119-C120  1.420(10) C120-Li5  2.784(15) C121-C126  1.380(10) 
C121-C122  1.390(10) C122-C123  1.401(9) C123-C124  1.372(10) 
C124-C125  1.384(10) C125-C126  1.388(10) O15-C127  1.425(8) 
O15-C129  1.427(7) O15-Li1  1.833(14) O16-C131  1.402(9) 
O16-C133  1.498(9) O16-Li2  1.876(13) O17-C13X  1.439(10) 
O17-C13Y  1.442(10) O17-C135  1.445(10) O17-C137  1.455(10) 
O17-Li3  1.80(2) O18-C139  1.414(8) O18-C141  1.421(8) 
O18-Li4  1.901(19) O19-C145  1.439(10) O19-C143  1.473(10) 
O19-Li4  1.961(19) O20-C149  1.410(9) O20-C147  1.455(9) 
O20-Li6  1.873(18) O21-C153  1.418(8) O21-C151  1.430(7) 
O21-Li5  1.906(14) C127-C128  1.512(8) C129-C130  1.494(8) 
C131-C132  1.469(10) C133-C134  1.502(10) C135-C136  1.509(10) 
C137-C138  1.543(10) C137-Li3  2.47(4) C13X-C136  1.512(10) 
C13X-Li3  2.60(4) C13Y-C138  1.524(10) C139-C140  1.491(9) 
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C141-C142  1.506(9) C143-C144  1.519(10) C145-C146  1.541(10) 
C147-C148  1.506(9) C149-C150  1.508(9) C151-C152  1.495(9) 
C153-C154  1.484(9) O22-C155  1.413(9) O22-C157  1.439(9) 
C155-C156  1.525(10) C157-C158  1.499(10)   
 
Table 3.4.17. Bond angles for compound 3.2–Ce (o). 
O13-Ce1-O3 85.82(18) O13-Ce1-O1 81.39(18) O3-Ce1-O1 120.23(17) 
O13-Ce1-O2 114.54(19) O3-Ce1-O2 157.70(17) O1-Ce1-O2 74.06(16) 
O13-Ce1-O5 83.14(19) O3-Ce1-O5 105.32(16) O1-Ce1-O5 130.25(16) 
O2-Ce1-O5 70.22(16) O13-Ce1-O4 128.7(2) O3-Ce1-O4 76.41(16) 
O1-Ce1-O4 67.95(16) O2-Ce1-O4 95.82(18) O5-Ce1-O4 147.82(17) 
O13-Ce1-O6 140.29(18) O3-Ce1-O6 70.60(17) O1-Ce1-O6 138.01(16) 
O2-Ce1-O6 87.37(17) O5-Ce1-O6 73.43(17) O4-Ce1-O6 77.19(16) 
O13-Ce1-C41 82.26(19) O3-Ce1-C41 81.89(17) O1-Ce1-C41 151.19(17) 
O2-Ce1-C41 91.57(17) O5-Ce1-C41 23.45(16) O4-Ce1-C41 139.65(17) 
O6-Ce1-C41 63.57(17) O13-Ce1-Li1 105.8(3) O3-Ce1-Li1 98.9(3) 
O1-Ce1-Li1 33.6(3) O2-Ce1-Li1 84.7(3) O5-Ce1-Li1 154.8(3) 
O4-Ce1-Li1 34.4(3) O6-Ce1-Li1 109.0(3) C41-Ce1-Li1 171.9(3) 
O13-Ce1-Li2 115.3(3) O3-Ce1-Li2 35.1(3) O1-Ce1-Li2 139.4(3) 
O2-Ce1-Li2 122.8(3) O5-Ce1-Li2 89.6(3) O4-Ce1-Li2 73.4(3) 
O6-Ce1-Li2 35.5(3) C41-Ce1-Li2 69.3(3) Li1-Ce1-Li2 106.8(3) 
O13-Ce1-Li3 98.6(3) O3-Ce1-Li3 136.6(3) O1-Ce1-Li3 103.1(3) 
O2-Ce1-Li3 36.1(3) O5-Ce1-Li3 34.1(3) O4-Ce1-Li3 127.1(3) 
O6-Ce1-Li3 79.6(3) C41-Ce1-Li3 56.4(3) Li1-Ce1-Li3 120.7(4) 
Li2-Ce1-Li3 109.9(4) O14-Ce2-O10 119.52(18) O14-Ce2-O7 83.86(18) 
O10-Ce2-O7 68.48(16) O14-Ce2-O9 82.85(17) O10-Ce2-O9 75.48(17) 
O7-Ce2-O9 128.19(17) O14-Ce2-O8 128.47(18) O10-Ce2-O8 95.83(18) 
O7-Ce2-O8 75.38(17) O9-Ce2-O8 145.65(17) O14-Ce2-O11 83.64(18) 
O10-Ce2-O11 156.30(17) O7-Ce2-O11 123.05(15) O9-Ce2-O11 104.82(16) 
O8-Ce2-O11 70.28(17) O14-Ce2-O12 136.96(19) O10-Ce2-O12 84.52(18) 
O7-Ce2-O12 139.13(18) O9-Ce2-O12 68.58(17) O8-Ce2-O12 77.62(17) 
O11-Ce2-O12 73.96(16) O14-Ce2-C61 74.61(18) O10-Ce2-C61 92.03(18) 
O7-Ce2-C61 23.91(17) O9-Ce2-C61 144.47(18) O8-Ce2-C61 67.43(18) 
O11-Ce2-C61 99.64(17) O12-Ce2-C61 144.36(18) O14-Ce2-Li6 109.6(4) 
O10-Ce2-Li6 127.9(3) O7-Ce2-Li6 102.2(3) O9-Ce2-Li6 129.4(3) 
O8-Ce2-Li6 35.7(3) O11-Ce2-Li6 34.8(3) O12-Ce2-Li6 70.3(3) 
C61-Ce2-Li6 84.6(3) O14-Ce2-Li5 111.0(3) O10-Ce2-Li5 78.4(4) 
O7-Ce2-Li5 146.8(4) O9-Ce2-Li5 34.0(3) O8-Ce2-Li5 112.0(3) 
O11-Ce2-Li5 88.9(3) O12-Ce2-Li5 34.6(3) C61-Ce2-Li5 170.4(4) 
Li6-Ce2-Li5 100.3(4) O14-Ce2-Li4 101.8(3) O10-Ce2-Li4 34.8(3) 
O7-Ce2-Li4 33.8(3) O9-Ce2-Li4 102.2(3) O8-Ce2-Li4 86.2(3) 
O11-Ce2-Li4 152.9(3) O12-Ce2-Li4 114.9(3) C61-Ce2-Li4 57.5(3) 
Li6-Ce2-Li4 121.3(4) Li5-Ce2-Li4 113.0(4) C1-O1-Li1 130.1(5) 
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C1-O1-Ce1 124.4(4) Li1-O1-Ce1 101.4(4) C20-O2-Li3 134.6(6) 
C20-O2-Ce1 125.7(4) Li3-O2-Ce1 99.0(5) C21-O3-Li2 122.8(6) 
C21-O3-Ce1 118.5(4) Li2-O3-Ce1 100.2(5) C40-O4-Li1 134.9(7) 
C40-O4-Ce1 125.9(4) Li1-O4-Ce1 98.6(5) C41-O5-Li3 138.6(6) 
C41-O5-Ce1 113.5(4) Li3-O5-Ce1 101.4(5) C60-O6-Li2 127.5(5) 
C60-O6-Ce1 129.5(4) Li2-O6-Ce1 96.6(4) C61-O7-Li4 143.6(7) 
C61-O7-Ce2 112.1(4) Li4-O7-Ce2 103.5(5) C80-O8-Li6 125.2(7) 
C80-O8-Ce2 134.0(5) Li6-O8-Ce2 98.5(5) C81-O9-Li5 126.8(6) 
C81-O9-Ce2 121.5(4) Li5-O9-Ce2 100.7(5) C100-O10-Li4 131.9(6) 
C100-O10-Ce2 125.7(4) Li4-O10-Ce2 102.3(5) C101-O11-Li6 129.0(7) 
C101-O11-Ce2 114.5(4) Li6-O11-Ce2 98.7(6) C120-O12-Li5 123.3(7) 
C120-O12-Ce2 130.0(4) Li5-O12-Ce2 98.3(5) C121-O13-Ce1 158.7(5) 
C124-O14-Ce2 160.6(5) O1-C1-C2 118.3(6) O1-C1-C10 121.4(6) 
C2-C1-C10 120.3(6) C3-C2-C1 121.5(7) C2-C3-C4 120.1(7) 
C5-C4-C3 122.7(7) C5-C4-C9 118.9(7) C3-C4-C9 118.4(6) 
C6-C5-C4 122.1(8) C5-C6-C7 118.9(8) C8-C7-C6 121.2(8) 
C7-C8-C9 121.6(8) C10-C9-C4 121.1(6) C10-C9-C8 121.6(7) 
C4-C9-C8 117.2(6) C9-C10-C1 118.5(6) C9-C10-C11 122.9(6) 
C1-C10-C11 118.5(6) C20-C11-C12 118.0(6) C20-C11-C10 119.9(6) 
C12-C11-C10 122.0(6) C13-C12-C17 117.0(6) C13-C12-C11 122.2(7) 
C17-C12-C11 120.7(6) C14-C13-C12 121.8(7) C13-C14-C15 120.0(8) 
C16-C15-C14 121.8(8) C15-C16-C17 119.6(9) C18-C17-C12 118.7(6) 
C18-C17-C16 121.6(7) C12-C17-C16 119.7(7) C19-C18-C17 120.7(7) 
C18-C19-C20 122.1(7) O2-C20-C11 122.0(6) O2-C20-C19 118.3(6) 
C11-C20-C19 119.7(6) O3-C21-C30 121.7(7) O3-C21-C22 118.4(6) 
C30-C21-C22 120.0(7) C23-C22-C21 120.3(7) C22-C23-C24 121.2(8) 
C25-C24-C29 121.3(9) C25-C24-C23 121.6(9) C29-C24-C23 117.1(8) 
C26-C25-C24 120.4(11) C25-C26-C27 121.2(10) C26-C27-C28 120.8(10) 
C27-C28-C29 120.0(9) C30-C29-C24 121.9(7) C30-C29-C28 121.8(8) 
C24-C29-C28 116.3(8) C21-C30-C29 119.5(7) C21-C30-C31 118.1(7) 
C29-C30-C31 122.4(7) C32-C31-C40 119.9(7) C32-C31-C30 121.8(7) 
C40-C31-C30 118.3(6) C32-C31-Li2 93.2(5) C40-C31-Li2 84.5(5) 
C30-C31-Li2 92.2(5) C31-C32-C33 122.4(8) C31-C32-C37 121.4(8) 
C33-C32-C37 116.2(7) C34-C33-C32 122.8(10) C33-C34-C35 118.9(10) 
C36-C35-C34 121.7(9) C35-C36-C37 119.2(10) C36-C37-C32 121.2(9) 
C36-C37-C38 121.7(8) C32-C37-C38 116.9(7) C39-C38-C37 120.7(8) 
C38-C39-C40 122.0(8) O4-C40-C31 122.5(7) O4-C40-C39 118.8(7) 
C31-C40-C39 118.7(6) O5-C41-C50 120.4(6) O5-C41-C42 120.1(6) 
C50-C41-C42 119.5(6) O5-C41-Ce1 43.0(3) C50-C41-Ce1 116.5(4) 
C42-C41-Ce1 106.6(4) C43-C42-C41 122.1(7) C42-C43-C44 120.1(7) 
C49-C44-C43 118.5(6) C49-C44-C45 121.5(7) C43-C44-C45 119.9(7) 
C46-C45-C44 119.0(8) C45-C46-C47 121.0(7) C48-C47-C46 121.1(8) 
C47-C48-C49 120.1(8) C44-C49-C50 120.7(7) C44-C49-C48 117.2(6) 
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C50-C49-C48 122.0(7) C41-C50-C49 119.0(7) C41-C50-C51 118.5(6) 
C49-C50-C51 122.2(7) C52-C51-C60 117.3(7) C52-C51-C50 124.1(7) 
C60-C51-C50 118.5(7) C57-C52-C51 121.3(8) C57-C52-C53 118.5(8) 
C51-C52-C53 120.2(8) C54-C53-C52 120.3(10) C53-C54-C55 120.8(11) 
C56-C55-C54 118.8(10) C55-C56-C57 123.5(10) C52-C57-C58 119.5(8) 
C52-C57-C56 118.0(9) C58-C57-C56 122.4(9) C59-C58-C57 120.3(8) 
C58-C59-C60 121.7(8) O6-C60-C59 120.7(7) O6-C60-C51 119.8(7) 
C59-C60-C51 119.6(8) O7-C61-C70 121.8(6) O7-C61-C62 118.2(6) 
C70-C61-C62 120.0(6) O7-C61-Ce2 44.0(3) C70-C61-Ce2 110.2(4) 
C62-C61-Ce2 111.1(4) C63-C62-C61 120.2(7) C62-C63-C64 120.5(7) 
C63-C64-C69 120.7(6) C63-C64-C65 121.9(7) C69-C64-C65 117.4(7) 
C66-C65-C64 121.3(8) C65-C66-C67 121.2(8) C68-C67-C66 119.1(8) 
C67-C68-C69 121.7(8) C68-C69-C64 119.3(7) C68-C69-C70 122.4(7) 
C64-C69-C70 118.3(6) C61-C70-C69 119.9(6) C61-C70-C71 119.5(6) 
C69-C70-C71 120.6(6) C80-C71-C72 120.7(7) C80-C71-C70 119.8(6) 
C72-C71-C70 119.5(6) C77-C72-C73 119.0(7) C77-C72-C71 118.5(7) 
C73-C72-C71 122.6(7) C74-C73-C72 120.9(8) C75-C74-C73 121.5(9) 
C76-C75-C74 119.5(8) C75-C76-C77 121.0(9) C72-C77-C78 120.4(7) 
C72-C77-C76 118.1(8) C78-C77-C76 121.4(8) C79-C78-C77 120.5(8) 
C78-C79-C80 120.7(8) O8-C80-C71 122.1(6) O8-C80-C79 119.0(7) 
C71-C80-C79 118.9(7) O9-C81-C90 121.8(6) O9-C81-C82 118.4(6) 
C90-C81-C82 119.7(7) C83-C82-C81 120.8(7) C82-C83-C84 122.8(7) 
C83-C84-C85 125.0(8) C83-C84-C89 116.3(7) C85-C84-C89 118.6(8) 
C86-C85-C84 122.7(9) C85-C86-C87 121.1(9) C88-C87-C86 119.2(9) 
C87-C88-C89 120.9(9) C90-C89-C84 120.8(7) C90-C89-C88 121.7(7) 
C84-C89-C88 117.5(7) C81-C90-C89 119.4(7) C81-C90-C91 118.8(6) 
C89-C90-C91 121.8(6) C100-C91-C92 120.2(7) C100-C91-C90 119.9(6) 
C92-C91-C90 119.7(6) C93-C92-C91 124.2(7) C93-C92-C97 117.1(6) 
C91-C92-C97 118.7(7) C94-C93-C92 121.7(7) C93-C94-C95 121.1(8) 
C96-C95-C94 119.4(8) C95-C96-C97 121.4(8) C98-C97-C96 122.1(7) 
C98-C97-C92 118.6(7) C96-C97-C92 119.3(7) C99-C98-C97 121.2(7) 
C98-C99-C100 121.3(7) O10-C100-C91 123.0(6) O10-C100-C99 117.1(7) 
C91-C100-C99 119.9(6) O11-C101-C110 121.6(6) O11-C101-C102 120.0(6) 
C110-C101-C102 118.4(7) C103-C102-C101 123.1(7) C102-C103-C104 120.0(8) 
C103-C104-C109 119.4(7) C103-C104-C105 121.6(8) C109-C104-C105 119.1(8) 
C106-C105-C104 122.0(10) C105-C106-C107 120.6(9) C106-C107-C108 121.4(9) 
C107-C108-C109 119.4(9) C104-C109-C108 117.4(7) C104-C109-C110 119.9(7) 
C108-C109-C110 122.7(8) C101-C110-C109 119.2(7) C101-C110-C111 118.2(6) 
C109-C110-C111 122.5(6) C120-C111-C112 120.4(7) C120-C111-C110 118.0(6) 
C112-C111-C110 121.6(7) C117-C112-C113 118.4(7) C117-C112-C111 119.3(8) 
C113-C112-C111 122.3(7) C114-C113-C112 121.0(9) C113-C114-C115 120.7(11) 
C116-C115-C114 119.7(9) C115-C116-C117 122.4(10) C118-C117-C112 119.1(8) 
C118-C117-C116 123.2(9) C112-C117-C116 117.7(9) C117-C118-C119 122.5(8) 
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C118-C119-C120 119.6(8) O12-C120-C111 123.0(6) O12-C120-C119 117.9(7) 
C111-C120-C119 119.1(7) O12-C120-Li5 33.4(4) C111-C120-Li5 106.5(6) 
C119-C120-Li5 125.5(7) O13-C121-C126 120.2(7) O13-C121-C122 120.4(7) 
C126-C121-C122 119.4(7) C121-C122-C123 119.9(7) C124-C123-C122 120.0(7) 
O14-C124-C123 120.5(6) O14-C124-C125 119.3(6) C123-C124-C125 120.2(6) 
C124-C125-C126 119.9(7) C121-C126-C125 120.5(7) C127-O15-C129 116.1(6) 
C127-O15-Li1 121.3(7) C129-O15-Li1 118.2(7) C131-O16-C133 100.8(8) 
C131-O16-Li2 138.8(11) C133-O16-Li2 119.9(9) C13X-O17-C13Y 128(2) 
C13X-O17-C135 66.4(17) C13Y-O17-C135 66.6(11) C13X-O17-C137 122.6(19) 
C13Y-O17-C137 71.2(18) C135-O17-C137 126(2) C13X-O17-Li3 106(2) 
C13Y-O17-Li3 122.2(14) C135-O17-Li3 133.1(12) C137-O17-Li3 98(2) 
C139-O18-C141 113.1(9) C139-O18-Li4 117.4(8) C141-O18-Li4 129.2(8) 
C145-O19-C143 97.8(18) C145-O19-Li4 131.1(15) C143-O19-Li4 131.0(18) 
C149-O20-C147 118.4(10) C149-O20-Li6 123.7(9) C147-O20-Li6 117.9(10) 
C153-O21-C151 108.8(7) C153-O21-Li5 126.0(7) C151-O21-Li5 118.0(7) 
O15-C127-C128 110.1(8) O15-C129-C130 107.3(7) O16-C131-C132 104.1(12) 
O16-C133-C134 117.4(14) O17-C135-C136 102.4(13) O17-C137-C138 101.1(14) 
O17-C137-Li3 46.1(15) C138-C137-Li3 96.8(19) O17-C13X-C136 102.6(14) 
O17-C13X-Li3 41.7(14) C136-C13X-Li3 100.8(19) O17-C13Y-C138 102.6(14) 
C135-C136-C13X 63.0(16) C13Y-C138-C137 66.6(17) O18-C139-C140 102.0(10) 
O18-C141-C142 105.6(9) O19-C143-C144 114(2) O19-C145-C146 107.0(18) 
O20-C147-C148 111.0(12) O20-C149-C150 109.6(10) O21-C151-C152 107.4(7) 
O21-C153-C154 105.6(8) O1-Li1-O4 92.0(6) O1-Li1-O15 134.2(9) 
O4-Li1-O15 127.7(8) O1-Li1-Ce1 45.0(3) O4-Li1-Ce1 47.1(3) 
O15-Li1-Ce1 159.3(8) O3-Li2-O6 92.6(5) O3-Li2-O16 120.5(8) 
O6-Li2-O16 139.5(8) O3-Li2-C31 70.8(4) O6-Li2-C31 100.1(5) 
O16-Li2-C31 111.9(7) O3-Li2-Ce1 44.7(3) O6-Li2-Ce1 47.9(3) 
O16-Li2-Ce1 156.2(7) C31-Li2-Ce1 82.6(3) O17-Li3-O5 118.5(10) 
O17-Li3-O2 130.8(9) O5-Li3-O2 89.3(8) O17-Li3-C137 35.6(10) 
O5-Li3-C137 120.5(9) O2-Li3-C137 150.2(9) O17-Li3-C13X 32.1(10) 
O5-Li3-C13X 134.3(10) O2-Li3-C13X 99.2(11) C137-Li3-C13X 60.0(12) 
O17-Li3-Ce1 140.4(9) O5-Li3-Ce1 44.5(4) O2-Li3-Ce1 44.9(4) 
C137-Li3-Ce1 164.6(8) C13X-Li3-Ce1 125.2(9) O7-Li4-O18 111.5(8) 
O7-Li4-O10 85.5(7) O18-Li4-O10 114.0(8) O7-Li4-O19 115.8(9) 
O18-Li4-O19 101.6(10) O10-Li4-O19 128.1(10) O7-Li4-Ce2 42.7(4) 
O18-Li4-Ce2 119.5(7) O10-Li4-Ce2 42.9(4) O19-Li4-Ce2 137.9(8) 
O9-Li5-O12 92.4(6) O9-Li5-O21 128.3(8) O12-Li5-O21 139.1(8) 
O9-Li5-C120 112.8(6) O12-Li5-C120 23.4(3) O21-Li5-C120 117.1(6) 
O9-Li5-Ce2 45.2(3) O12-Li5-Ce2 47.2(3) O21-Li5-Ce2 172.5(8) 
C120-Li5-Ce2 68.3(3) O11-Li6-O20 142.3(11) O11-Li6-O8 92.2(8) 
O20-Li6-O8 118.7(9) O11-Li6-Ce2 46.5(4) O20-Li6-Ce2 159.0(8) 
O8-Li6-Ce2 45.9(4) C155-O22-C157 112.4(15) O22-C155-C156 107.4(12) 
O22-C157-C158 121.8(19)     
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Table 3.4.18. Bond lengths for compound 3.2–La (Å). 
La1-O1  2.393(2) La1-O6  2.424(2) La1-O2  2.438(2) 
La1-O5  2.456(2) La1-O4  2.469(2) La1-O3  2.470(2) 
La1-O13  2.687(2) La1-Li1  3.214(6) La1-Li2  3.225(5) 
La1-Li3  3.302(7) La2-O11  2.412(2) La2-O10  2.415(2) 
La2-O7  2.432(2) La2-O9  2.442(2) La2-O12  2.442(2) 
La2-O8  2.459(2) La2-O14  2.655(2) La2-Li6  3.241(6) 
La2-Li5  3.248(5) La2-Li4  3.249(6) O1-C1  1.329(4) 
O1-Li1  1.879(7) O2-C20  1.317(4) O2-Li3  1.849(7) 
O3-C21  1.332(4) O3-Li2  1.872(6) O4-C40  1.329(4) 
O4-Li1  1.849(7) O5-C41  1.330(4) O5-Li3  1.864(8) 
O6-C60  1.336(3) O6-Li2  1.859(5) O7-C61  1.325(4) 
O7-Li4  1.860(6) O8-C80  1.335(3) O8-Li6  1.865(6) 
O9-C81  1.333(3) O9-Li5  1.837(6) O10-C100  1.337(3) 
O10-Li4  1.894(6) O11-C101  1.337(3) O11-Li6  1.835(6) 
O12-C120  1.321(4) O12-Li5  1.860(5) O13-C121  1.221(4) 
O14-C124  1.227(4) O15-C129  1.406(15) O15-C127  1.421(12) 
O15-Li1  1.874(7) O16-C131  1.428(4) O16-C133  1.429(4) 
O16-Li2  1.905(6) O17-C137  1.396(7) O17-C135  1.476(8) 
O17-Li3  1.883(8) O18-C139  1.425(5) O18-C141  1.432(6) 
O18-Li4  1.903(6) O19-C143  1.411(5) O19-C145  1.532(6) 
O19-Li5  1.865(6) O20-C147  1.362(9) O20-C149  1.466(16) 
O20-Li6  1.922(7) C1-C10  1.391(4) C1-C2  1.434(4) 
C2-C3  1.359(5) C3-C4  1.421(5) C4-C5  1.419(5) 
C4-C9  1.428(4) C5-C6  1.353(6) C6-C7  1.411(5) 
C7-C8  1.372(4) C8-C9  1.418(4) C9-C10  1.435(4) 
C10-C11  1.495(4) C11-C20  1.392(4) C11-C12  1.428(4) 
C12-C13  1.415(4) C12-C17  1.439(4) C13-C14  1.382(4) 
C14-C15  1.414(6) C15-C16  1.348(6) C16-C17  1.419(4) 
C17-C18  1.394(5) C18-C19  1.346(5) C19-C20  1.436(4) 
C21-C30  1.392(4) C21-C22  1.434(4) C22-C23  1.355(5) 
C23-C24  1.401(6) C24-C29  1.424(5) C24-C25  1.429(5) 
C25-C26  1.362(8) C26-C27  1.369(7) C27-C28  1.375(5) 
C28-C29  1.435(5) C29-C30  1.438(4) C30-C31  1.477(4) 
C31-C40  1.399(4) C31-C32  1.448(4) C32-C33  1.414(4) 
C32-C37  1.419(5) C33-C34  1.368(5) C34-C35  1.410(6) 
C35-C36  1.351(6) C36-C37  1.421(5) C37-C38  1.417(5) 
C38-C39  1.358(5) C39-C40  1.441(4) C41-C50  1.398(4) 
C41-C42  1.421(4) C42-C43  1.368(6) C43-C44  1.404(7) 
C44-C45  1.395(6) C44-C49  1.449(5) C45-C46  1.332(9) 
C46-C47  1.440(9) C47-C48  1.387(5) C48-C49  1.411(6) 
C49-C50  1.420(4) C50-C51  1.491(3) C51-C60  1.383(4) 
C51-C52  1.429(4) C52-C57  1.412(4) C52-C53  1.425(4) 
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C53-C54  1.383(4) C54-C55  1.395(5) C55-C56  1.361(5) 
C56-C57  1.427(4) C57-C58  1.409(4) C58-C59  1.352(4) 
C59-C60  1.429(4) C61-C70  1.400(4) C61-C62  1.426(4) 
C62-C63  1.356(4) C63-C64  1.407(4) C64-C69  1.424(4) 
C64-C65  1.427(4) C65-C66  1.358(6) C66-C67  1.406(5) 
C67-C68  1.388(4) C68-C69  1.435(4) C69-C70  1.417(4) 
C70-C71  1.493(4) C71-C80  1.396(4) C71-C72  1.430(4) 
C72-C73  1.424(4) C72-C77  1.433(4) C73-C74  1.360(4) 
C74-C75  1.415(5) C75-C76  1.345(5) C76-C77  1.423(4) 
C77-C78  1.408(4) C78-C79  1.346(4) C79-C80  1.423(4) 
C81-C90  1.396(4) C81-C82  1.430(4) C82-C83  1.362(4) 
C83-C84  1.405(4) C84-C89  1.418(4) C84-C85  1.432(4) 
C85-C86  1.346(5) C86-C87  1.408(5) C87-C88  1.365(4) 
C88-C89  1.426(4) C89-C90  1.426(4) C90-C91  1.489(3) 
C91-C100  1.394(4) C91-C92  1.429(4) C92-C97  1.415(4) 
C92-C93  1.432(4) C93-C94  1.377(5) C94-C95  1.381(6) 
C95-C96  1.359(6) C96-C97  1.430(5) C97-C98  1.413(5) 
C98-C99  1.357(5) C99-C100  1.433(4) C101-C110  1.383(4) 
C101-C102  1.427(4) C102-C103  1.357(5) C103-C104  1.418(5) 
C104-C109  1.413(5) C104-C105  1.422(4) C105-C106  1.351(7) 
C106-C107  1.400(7) C107-C108  1.376(5) C108-C109  1.425(4) 
C109-C110  1.437(4) C110-C111  1.497(4) C111-C120  1.398(4) 
C111-C112  1.418(4) C112-C113  1.410(5) C112-C117  1.446(5) 
C113-C114  1.373(6) C114-C115  1.393(7) C115-C116  1.360(7) 
C116-C117  1.424(5) C117-C118  1.405(6) C118-C119  1.350(5) 
C119-C120  1.426(4) C121-C126  1.470(5) C121-C122  1.475(4) 
C122-C123  1.328(4) C123-C124  1.473(4) C124-C125  1.470(4) 
C125-C126  1.329(4) C127-C128  1.307(18) C129-C130  1.406(19) 
C131-C132  1.491(6) C133-C134  1.493(5) C135-C136  1.462(9) 
C137-C138  1.441(8) C139-C140  1.487(7) C141-C142  1.494(8) 
C143-C144  1.517(6) C145-C146  1.459(9) C147-C148  1.200(13) 
C149-C150  1.327(15) O21-C151  1.400(5) O21-C153  1.413(4) 
C151-C152  1.484(6) C153-C154  1.476(6) O22-C157  1.311(9) 
O22-C155  1.313(12) C155-C156  1.352(13) C157-C158  1.300(12) 
O23-C161  1.400(10) O23-C159  1.443(9) C159-C160  1.518(13) 
C161-C162  1.549(13) O24-C165  1.464(11) O24-C163  1.468(10) 
C163-C164  1.581(16) C165-C166  1.679(15)   
 
Table 3.4.19. Bond angles for compound 3.2–La (o). 
O1-La1-O6 159.44(7) O1-La1-O2 77.64(8) O6-La1-O2 101.94(7) 
O1-La1-O5 118.09(8) O6-La1-O5 79.54(7) O2-La1-O5 67.41(8) 
O1-La1-O4 70.42(8) O6-La1-O4 89.11(8) O2-La1-O4 82.02(8) 
O5-La1-O4 144.00(8) O1-La1-O3 101.74(8) O6-La1-O3 69.46(8) 
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O2-La1-O3 153.84(8) O5-La1-O3 131.27(9) O4-La1-O3 73.39(8) 
O1-La1-O13 91.32(8) O6-La1-O13 101.57(8) O2-La1-O13 138.58(8) 
O5-La1-O13 84.05(8) O4-La1-O13 131.87(8) O3-La1-O13 67.26(8) 
O1-La1-Li1 35.48(13) O6-La1-Li1 124.07(13) O2-La1-Li1 76.64(13) 
O5-La1-Li1 140.87(13) O4-La1-Li1 34.96(13) O3-La1-Li1 87.82(13) 
O13-La1-Li1 115.86(14) O1-La1-Li2 131.32(11) O6-La1-Li2 34.93(10) 
O2-La1-Li2 128.64(11) O5-La1-Li2 110.29(11) O4-La1-Li2 73.99(12) 
O3-La1-Li2 35.33(11) O13-La1-Li2 88.46(11) Li1-La1-Li2 103.89(15) 
O1-La1-Li3 99.36(15) O6-La1-Li3 90.20(16) O2-La1-Li3 33.50(14) 
O5-La1-Li3 33.93(14) O4-La1-Li3 113.27(16) O3-La1-Li3 158.87(15) 
O13-La1-Li3 113.46(16) Li1-La1-Li3 109.13(17) Li2-La1-Li3 125.03(18) 
O11-La2-O10 152.62(7) O11-La2-O7 85.72(8) O10-La2-O7 69.58(8) 
O11-La2-O9 89.16(8) O10-La2-O9 77.75(8) O7-La2-O9 85.77(8) 
O11-La2-O12 78.76(8) O10-La2-O12 117.18(8) O7-La2-O12 149.94(8) 
O9-La2-O12 68.57(8) O11-La2-O8 67.79(7) O10-La2-O8 115.08(7) 
O7-La2-O8 76.19(8) O9-La2-O8 151.41(8) O12-La2-O8 119.90(8) 
O11-La2-O14 116.45(8) O10-La2-O14 89.92(8) O7-La2-O14 134.19(8) 
O9-La2-O14 130.70(8) O12-La2-O14 75.86(8) O8-La2-O14 76.65(7) 
O11-La2-Li6 34.05(11) O10-La2-Li6 137.34(12) O7-La2-Li6 72.56(13) 
O9-La2-Li6 118.40(11) O12-La2-Li6 105.41(12) O8-La2-Li6 34.90(11) 
O14-La2-Li6 102.98(11) O11-La2-Li5 80.45(12) O10-La2-Li5 100.21(12) 
O7-La2-Li5 117.61(11) O9-La2-Li5 34.08(11) O12-La2-Li5 34.63(11) 
O8-La2-Li5 144.68(12) O14-La2-Li5 105.84(11) Li6-La2-Li5 114.43(14) 
O11-La2-Li4 118.35(11) O10-La2-Li4 35.35(11) O7-La2-Li4 34.58(11) 
O9-La2-Li4 76.32(12) O12-La2-Li4 140.81(11) O8-La2-Li4 99.26(11) 
O14-La2-Li4 118.04(12) Li6-La2-Li4 106.25(15) Li5-La2-Li4 109.48(14) 
C1-O1-Li1 127.8(3) C1-O1-La1 117.07(17) Li1-O1-La1 96.9(2) 
C20-O2-Li3 137.8(3) C20-O2-La1 121.45(18) Li3-O2-La1 99.8(2) 
C21-O3-Li2 122.1(3) C21-O3-La1 122.41(19) Li2-O3-La1 94.91(17) 
C40-O4-Li1 138.1(3) C40-O4-La1 123.13(19) Li1-O4-La1 95.1(2) 
C41-O5-Li3 132.6(3) C41-O5-La1 122.07(19) Li3-O5-La1 98.7(2) 
C60-O6-Li2 140.7(2) C60-O6-La1 119.27(16) Li2-O6-La1 96.78(19) 
C61-O7-Li4 136.3(3) C61-O7-La2 125.27(19) Li4-O7-La2 97.52(19) 
C80-O8-Li6 127.6(2) C80-O8-La2 114.26(17) Li6-O8-La2 96.13(18) 
C81-O9-Li5 133.7(2) C81-O9-La2 126.92(18) Li5-O9-La2 97.77(18) 
C100-O10-Li4 128.9(3) C100-O10-La2 116.11(18) Li4-O10-La2 97.1(2) 
C101-O11-Li6 139.5(3) C101-O11-La2 121.81(17) Li6-O11-La2 98.5(2) 
C120-O12-Li5 126.4(3) C120-O12-La2 121.43(17) Li5-O12-La2 97.11(18) 
C121-O13-La1 129.6(2) C124-O14-La2 136.3(2) C129-O15-C127 105.1(9) 
C129-O15-Li1 126.5(8) C127-O15-Li1 123.6(7) C131-O16-C133 114.1(2) 
C131-O16-Li2 122.6(3) C133-O16-Li2 120.9(2) C137-O17-C135 106.1(7) 
C137-O17-Li3 134.9(6) C135-O17-Li3 118.8(9) C139-O18-C141 112.2(3) 
C139-O18-Li4 124.9(3) C141-O18-Li4 118.8(3) C143-O19-C145 112.9(3) 
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C143-O19-Li5 126.7(3) C145-O19-Li5 115.2(3) C147-O20-C149 117.4(8) 
C147-O20-Li6 120.7(6) C149-O20-Li6 120.2(6) O1-C1-C10 121.4(2) 
O1-C1-C2 119.2(3) C10-C1-C2 119.4(3) C3-C2-C1 121.0(3) 
C2-C3-C4 121.5(3) C5-C4-C3 122.2(3) C5-C4-C9 119.6(3) 
C3-C4-C9 118.1(3) C6-C5-C4 121.1(3) C5-C6-C7 120.0(3) 
C8-C7-C6 120.5(3) C7-C8-C9 121.2(3) C8-C9-C4 117.5(3) 
C8-C9-C10 122.3(3) C4-C9-C10 120.1(3) C1-C10-C9 119.7(2) 
C1-C10-C11 119.0(2) C9-C10-C11 121.3(2) C20-C11-C12 119.7(2) 
C20-C11-C10 119.9(2) C12-C11-C10 120.4(2) C13-C12-C11 122.5(3) 
C13-C12-C17 117.8(3) C11-C12-C17 119.7(3) C14-C13-C12 121.4(3) 
C13-C14-C15 120.2(3) C16-C15-C14 119.7(3) C15-C16-C17 122.4(3) 
C18-C17-C16 122.9(3) C18-C17-C12 118.6(3) C16-C17-C12 118.4(3) 
C19-C18-C17 121.5(3) C18-C19-C20 121.9(3) O2-C20-C11 122.5(3) 
O2-C20-C19 118.8(3) C11-C20-C19 118.6(3) O3-C21-C30 121.7(3) 
O3-C21-C22 119.0(3) C30-C21-C22 119.3(3) C23-C22-C21 120.5(3) 
C22-C23-C24 122.2(3) C23-C24-C29 118.6(3) C23-C24-C25 123.1(4) 
C29-C24-C25 118.3(4) C26-C25-C24 121.8(4) C25-C26-C27 119.5(4) 
C26-C27-C28 122.6(4) C27-C28-C29 119.6(4) C24-C29-C28 118.3(3) 
C24-C29-C30 119.5(3) C28-C29-C30 122.2(3) C21-C30-C29 119.7(3) 
C21-C30-C31 119.8(3) C29-C30-C31 120.5(3) C40-C31-C32 119.7(3) 
C40-C31-C30 119.1(3) C32-C31-C30 121.1(3) C33-C32-C37 118.1(3) 
C33-C32-C31 122.2(3) C37-C32-C31 119.7(3) C34-C33-C32 121.0(3) 
C33-C34-C35 120.8(4) C36-C35-C34 119.5(3) C35-C36-C37 121.5(4) 
C38-C37-C32 119.1(3) C38-C37-C36 121.9(3) C32-C37-C36 119.1(3) 
C39-C38-C37 121.0(3) C38-C39-C40 121.7(3) O4-C40-C31 122.0(3) 
O4-C40-C39 119.5(3) C31-C40-C39 118.5(3) O5-C41-C50 121.7(2) 
O5-C41-C42 118.5(3) C50-C41-C42 119.8(3) C43-C42-C41 120.9(4) 
C42-C43-C44 120.9(3) C45-C44-C43 122.3(4) C45-C44-C49 118.7(5) 
C43-C44-C49 118.9(3) C46-C45-C44 120.9(5) C45-C46-C47 122.5(4) 
C48-C47-C46 118.2(5) C47-C48-C49 120.2(5) C48-C49-C50 121.3(3) 
C48-C49-C44 119.4(3) C50-C49-C44 119.3(3) C41-C50-C49 119.3(3) 
C41-C50-C51 120.3(3) C49-C50-C51 120.4(3) C60-C51-C52 119.5(2) 
C60-C51-C50 121.2(2) C52-C51-C50 119.3(2) C57-C52-C53 117.7(3) 
C57-C52-C51 120.5(2) C53-C52-C51 121.8(3) C54-C53-C52 120.6(3) 
C53-C54-C55 121.2(3) C56-C55-C54 119.8(3) C55-C56-C57 120.8(3) 
C58-C57-C52 118.3(3) C58-C57-C56 121.8(3) C52-C57-C56 119.9(3) 
C59-C58-C57 121.4(3) C58-C59-C60 121.2(2) O6-C60-C51 122.2(2) 
O6-C60-C59 118.7(2) C51-C60-C59 119.2(2) O7-C61-C70 122.2(2) 
O7-C61-C62 118.9(2) C70-C61-C62 119.0(2) C63-C62-C61 121.6(3) 
C62-C63-C64 120.8(3) C63-C64-C69 118.8(3) C63-C64-C65 122.1(3) 
C69-C64-C65 119.0(3) C66-C65-C64 121.6(3) C65-C66-C67 119.9(3) 
C68-C67-C66 121.0(3) C67-C68-C69 120.1(3) C70-C69-C64 120.1(3) 
C70-C69-C68 121.5(3) C64-C69-C68 118.3(3) C61-C70-C69 119.5(2) 
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C61-C70-C71 119.0(2) C69-C70-C71 121.5(2) C80-C71-C72 119.4(2) 
C80-C71-C70 119.9(2) C72-C71-C70 120.7(2) C73-C72-C71 122.8(3) 
C73-C72-C77 117.7(3) C71-C72-C77 119.5(2) C74-C73-C72 121.3(3) 
C73-C74-C75 121.0(3) C76-C75-C74 119.3(3) C75-C76-C77 122.3(3) 
C78-C77-C76 122.5(3) C78-C77-C72 119.1(3) C76-C77-C72 118.5(3) 
C79-C78-C77 120.5(3) C78-C79-C80 122.4(3) O8-C80-C71 121.0(2) 
O8-C80-C79 120.0(2) C71-C80-C79 119.0(2) O9-C81-C90 122.4(2) 
O9-C81-C82 118.6(3) C90-C81-C82 119.0(2) C83-C82-C81 120.9(3) 
C82-C83-C84 121.4(3) C83-C84-C89 118.7(3) C83-C84-C85 122.0(3) 
C89-C84-C85 119.3(3) C86-C85-C84 120.8(3) C85-C86-C87 120.5(3) 
C88-C87-C86 120.3(3) C87-C88-C89 121.3(3) C84-C89-C88 117.6(2) 
C84-C89-C90 120.1(3) C88-C89-C90 122.3(2) C81-C90-C89 119.6(2) 
C81-C90-C91 120.6(2) C89-C90-C91 119.8(2) C100-C91-C92 119.5(2) 
C100-C91-C90 120.4(2) C92-C91-C90 120.2(2) C97-C92-C91 120.5(3) 
C97-C92-C93 117.7(3) C91-C92-C93 121.8(3) C94-C93-C92 120.6(3) 
C93-C94-C95 121.0(3) C96-C95-C94 120.6(3) C95-C96-C97 120.6(3) 
C98-C97-C92 118.4(3) C98-C97-C96 122.2(3) C92-C97-C96 119.4(3) 
C99-C98-C97 121.3(3) C98-C99-C100 121.2(3) O10-C100-C91 122.1(2) 
O10-C100-C99 118.9(2) C91-C100-C99 119.0(3) O11-C101-C110 122.1(2) 
O11-C101-C102 118.7(3) C110-C101-C102 119.1(3) C103-C102-C101 121.7(3) 
C102-C103-C104 120.7(3) C109-C104-C103 118.6(3) C109-C104-C105 120.1(3) 
C103-C104-C105 121.3(3) C106-C105-C104 120.8(4) C105-C106-C107 119.9(3) 
C108-C107-C106 121.1(4) C107-C108-C109 120.5(4) C104-C109-C108 117.6(3) 
C104-C109-C110 120.1(3) C108-C109-C110 122.3(3) C101-C110-C109 119.7(3) 
C101-C110-C111 121.6(2) C109-C110-C111 118.7(2) C120-C111-C112 119.5(3) 
C120-C111-C110 118.9(2) C112-C111-C110 121.5(3) C113-C112-C111 122.9(3) 
C113-C112-C117 118.0(3) C111-C112-C117 119.1(3) C114-C113-C112 120.8(4) 
C113-C114-C115 121.1(4) C116-C115-C114 120.8(4) C115-C116-C117 120.4(4) 
C118-C117-C116 121.9(3) C118-C117-C112 119.2(3) C116-C117-C112 118.9(4) 
C119-C118-C117 120.5(3) C118-C119-C120 121.6(3) O12-C120-C111 122.0(2) 
O12-C120-C119 118.8(3) C111-C120-C119 119.2(3) O13-C121-C126 121.6(3) 
O13-C121-C122 121.0(3) C126-C121-C122 117.4(3) C123-C122-C121 120.6(3) 
C122-C123-C124 120.5(3) O14-C124-C125 120.4(3) O14-C124-C123 121.8(3) 
C125-C124-C123 117.9(2) C126-C125-C124 120.4(3) C125-C126-C121 120.9(3) 
C128-C127-O15 108.0(7) C130-C129-O15 112.0(9) O16-C131-C132 112.6(3) 
O16-C133-C134 108.8(3) C136-C135-O17 90.5(8) O17-C137-C138 98.5(7) 
O18-C139-C140 109.1(3) O18-C141-C142 109.1(4) O19-C143-C144 105.9(3) 
C146-C145-O19 106.6(6) C148-C147-O20 132.5(11) C150-C149-O20 119.6(9) 
O4-Li1-O15 131.8(4) O4-Li1-O1 97.5(3) O15-Li1-O1 123.5(4) 
O4-Li1-La1 49.91(17) O15-Li1-La1 158.6(4) O1-Li1-La1 47.64(16) 
O6-Li2-O3 96.7(3) O6-Li2-O16 134.5(3) O3-Li2-O16 114.2(3) 
O6-Li2-La1 48.29(13) O3-Li2-La1 49.75(14) O16-Li2-La1 155.5(3) 
O2-Li3-O5 94.0(3) O2-Li3-O17 132.4(5) O5-Li3-O17 129.7(4) 
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O2-Li3-La1 46.70(17) O5-Li3-La1 47.33(17) O17-Li3-La1 162.9(5) 
O7-Li4-O10 94.9(3) O7-Li4-O18 132.3(3) O10-Li4-O18 131.7(3) 
O7-Li4-La2 47.91(15) O10-Li4-La2 47.52(15) O18-Li4-La2 177.4(3) 
O9-Li5-O12 96.2(2) O9-Li5-O19 128.4(4) O12-Li5-O19 113.2(3) 
O9-Li5-La2 48.15(13) O12-Li5-La2 48.26(13) O19-Li5-La2 143.2(3) 
O11-Li6-O8 94.5(3) O11-Li6-O20 125.7(4) O8-Li6-O20 129.1(3) 
O11-Li6-La2 47.40(15) O8-Li6-La2 48.97(15) O20-Li6-La2 164.2(3) 
C151-O21-C153 113.9(3) O21-C151-C152 109.2(3) O21-C153-C154 110.0(3) 
C157-O22-C155 132.3(8) O22-C155-C156 126.3(12) C158-C157-O22 123.8(9) 
C161-O23-C159 112.0(6) O23-C159-C160 105.7(6) O23-C161-C162 106.0(7) 
C165-O24-C163 117.6(7) O24-C163-C164 114.2(8) O24-C165-C166 107.1(8) 
 
Table 3.4.20. Bond lengths for compound 3.2–Pr (Å). 
Pr1-O1  2.348(4) Pr1-O6  2.372(3) Pr1-O2  2.394(4) 
Pr1-O5  2.416(4) Pr1-O4  2.424(4) Pr1-O3  2.440(4) 
Pr1-O13  2.636(4) Pr1-Li1  3.183(9) Pr1-Li2  3.187(7) 
Pr1-Li3  3.270(11) Pr2-O10  2.365(4) Pr2-O11  2.373(4) 
Pr2-O12  2.402(4) Pr2-O7  2.403(4) Pr2-O9  2.405(3) 
Pr2-O8  2.408(3) Pr2-O14  2.624(4) Pr2-Li5  3.204(7) 
Pr2-Li4  3.212(9) Pr2-Li6  3.213(9) O1-C1  1.341(5) 
O1-Li1  1.894(10) O2-C20  1.316(6) O2-Li3  1.858(12) 
O3-C21  1.335(6) O3-Li2  1.860(9) O4-C40  1.352(6) 
O4-Li1  1.830(10) O5-C41  1.336(6) O5-Li3  1.860(12) 
O6-C60  1.328(5) O6-Li2  1.871(8) O7-C61  1.317(5) 
O7-Li4  1.847(10) O8-C80  1.337(5) O8-Li6  1.884(10) 
O9-C81  1.337(5) O9-Li5  1.825(8) O10-C100  1.334(5) 
O10-Li4  1.922(10) O11-C101  1.323(5) O11-Li6  1.839(8) 
O12-C120  1.334(6) O12-Li5  1.861(8) O13-C121  1.236(6) 
O14-C124  1.218(6) O15-C127  1.376(8) O15-C129  1.440(10) 
O15-Li1  1.874(10) O16-C133  1.425(5) O16-C131  1.429(5) 
O16-Li2  1.902(8) O17-C137  1.419(6) O17-C135  1.488(6) 
O17-Li3  1.915(13) O18-C139  1.402(6) O18-C141  1.426(7) 
O18-Li4  1.909(10) O19-C143  1.416(6) O19-C145  1.521(8) 
O19-Li5  1.881(8) O20-C147  1.380(8) O20-C149  1.427(9) 
O20-Li6  1.912(10) O21-C151  1.390(6) O21-C153  1.410(6) 
O22-C157  1.383(8) O22-C155  1.407(9) O23-C159  1.412(9) 
O23-C161  1.436(9) O24-C165  1.441(10) O24-C163  1.470(9) 
C1-C10  1.385(6) C1-C2  1.425(6) C2-C3  1.360(7) 
C3-C4  1.414(7) C4-C5  1.421(7) C4-C9  1.429(6) 
C5-C6  1.362(8) C6-C7  1.402(8) C7-C8  1.385(6) 
C8-C9  1.397(6) C9-C10  1.448(6) C10-C11  1.483(6) 
C11-C20  1.404(6) C11-C12  1.431(6) C12-C13  1.411(6) 
C12-C17  1.432(6) C13-C14  1.380(6) C14-C15  1.398(8) 
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C15-C16  1.356(9) C16-C17  1.429(7) C17-C18  1.402(7) 
C18-C19  1.348(7) C19-C20  1.433(6) C21-C30  1.394(7) 
C21-C22  1.430(7) C22-C23  1.360(8) C23-C24  1.391(9) 
C24-C25  1.413(8) C24-C29  1.424(9) C25-C26  1.384(12) 
C26-C27  1.357(12) C27-C28  1.362(8) C28-C29  1.451(8) 
C29-C30  1.436(6) C30-C31  1.461(7) C31-C40  1.398(6) 
C31-C32  1.448(6) C32-C37  1.411(7) C32-C33  1.422(7) 
C33-C34  1.368(7) C34-C35  1.383(9) C35-C36  1.372(9) 
C36-C37  1.426(7) C37-C38  1.416(7) C38-C39  1.349(7) 
C39-C40  1.432(7) C41-C50  1.392(7) C41-C42  1.417(6) 
C42-C43  1.349(10) C43-C44  1.407(11) C44-C45  1.407(11) 
C44-C49  1.431(8) C45-C46  1.346(16) C46-C47  1.394(15) 
C47-C48  1.391(8) C48-C49  1.416(9) C49-C50  1.426(6) 
C50-C51  1.489(6) C51-C60  1.394(5) C51-C52  1.419(6) 
C52-C57  1.420(6) C52-C53  1.423(6) C53-C54  1.377(7) 
C54-C55  1.395(8) C55-C56  1.358(7) C56-C57  1.422(6) 
C57-C58  1.406(6) C58-C59  1.354(6) C59-C60  1.421(6) 
C61-C70  1.392(5) C61-C62  1.418(6) C62-C63  1.360(7) 
C63-C64  1.413(7) C64-C65  1.410(7) C64-C69  1.424(6) 
C65-C66  1.371(8) C66-C67  1.388(8) C67-C68  1.395(6) 
C68-C69  1.433(6) C69-C70  1.410(6) C70-C71  1.494(6) 
C71-C80  1.390(5) C71-C72  1.426(6) C72-C77  1.406(7) 
C72-C73  1.445(6) C73-C74  1.363(7) C74-C75  1.402(8) 
C75-C76  1.359(8) C76-C77  1.462(6) C77-C78  1.408(7) 
C78-C79  1.348(6) C79-C80  1.426(6) C81-C90  1.399(6) 
C81-C82  1.417(6) C82-C83  1.357(6) C83-C84  1.410(6) 
C84-C89  1.406(6) C84-C85  1.436(6) C85-C86  1.360(7) 
C86-C87  1.390(7) C87-C88  1.371(6) C88-C89  1.425(6) 
C89-C90  1.432(5) C90-C91  1.489(5) C91-C100  1.392(5) 
C91-C92  1.429(6) C92-C97  1.418(6) C92-C93  1.423(7) 
C93-C94  1.374(7) C94-C95  1.388(9) C95-C96  1.349(9) 
C96-C97  1.412(8) C97-C98  1.431(8) C98-C99  1.346(8) 
C99-C100  1.428(6) C101-C110  1.391(6) C101-C102  1.421(6) 
C102-C103  1.372(7) C103-C104  1.412(8) C104-C109  1.410(7) 
C104-C105  1.432(7) C105-C106  1.343(10) C106-C107  1.396(10) 
C107-C108  1.375(8) C108-C109  1.422(7) C109-C110  1.433(6) 
C110-C111  1.498(6) C111-C120  1.398(6) C111-C112  1.414(6) 
C112-C113  1.400(8) C112-C117  1.452(8) C113-C114  1.387(9) 
C114-C115  1.392(12) C115-C116  1.327(11) C116-C117  1.441(7) 
C117-C118  1.385(8) C118-C119  1.351(7) C119-C120  1.413(6) 
C121-C122  1.470(6) C121-C126  1.474(7) C122-C123  1.320(6) 
C123-C124  1.487(7) C124-C125  1.464(6) C125-C126  1.340(6) 
C127-C128  1.487(9) C129-C130  1.501(10) C131-C132  1.492(7) 
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C133-C134  1.517(6) C135-C136  1.44113(10) C137-C138  1.4437 
C139-C140  1.490(8) C141-C142  1.499(8) C143-C144  1.515(7) 
C145-C146  1.468(9) C147-C148  1.467(9) C149-C150  1.478(9) 
C151-C152  1.498(7) C153-C154  1.480(7) C155-C156  1.471(9) 
C157-C158  1.484(9) C159-C160  1.518(10) C161-C162  1.525(10) 
C163-C164  1.553(9) C165-C166  1.524(10)   
 
Table 3.4.21. Bond angles for compound 3.2–Pr (o). 
O1-Pr1-O6 160.81(11) O1-Pr1-O2 77.89(12) O6-Pr1-O2 102.21(12) 
O1-Pr1-O5 116.54(13) O6-Pr1-O5 80.42(12) O2-Pr1-O5 68.25(14) 
O1-Pr1-O4 71.12(13) O6-Pr1-O4 89.82(12) O2-Pr1-O4 81.98(13) 
O5-Pr1-O4 145.60(13) O1-Pr1-O3 101.19(12) O6-Pr1-O3 70.42(11) 
O2-Pr1-O3 154.80(13) O5-Pr1-O3 130.98(13) O4-Pr1-O3 74.09(12) 
O1-Pr1-O13 89.29(12) O6-Pr1-O13 102.59(12) O2-Pr1-O13 137.08(13) 
O5-Pr1-O13 82.09(13) O4-Pr1-O13 132.31(13) O3-Pr1-O13 67.60(12) 
O1-Pr1-Li1 36.24(19) O6-Pr1-Li1 124.70(18) O2-Pr1-Li1 76.97(19) 
O5-Pr1-Li1 141.18(18) O4-Pr1-Li1 34.89(19) O3-Pr1-Li1 87.53(18) 
O13-Pr1-Li1 114.9(2) O1-Pr1-Li2 131.46(16) O6-Pr1-Li2 35.67(15) 
O2-Pr1-Li2 129.67(17) O5-Pr1-Li2 111.25(17) O4-Pr1-Li2 74.60(17) 
O3-Pr1-Li2 35.57(16) O13-Pr1-Li2 89.19(18) Li1-Pr1-Li2 103.9(2) 
O1-Pr1-Li3 98.1(2) O6-Pr1-Li3 91.7(2) O2-Pr1-Li3 34.1(2) 
O5-Pr1-Li3 34.2(2) O4-Pr1-Li3 114.4(2) O3-Pr1-Li3 160.6(2) 
O13-Pr1-Li3 111.0(3) Li1-Pr1-Li3 109.4(2) Li2-Pr1-Li3 127.3(2) 
O10-Pr2-O11 155.26(11) O10-Pr2-O12 115.97(13) O11-Pr2-O12 79.18(12) 
O10-Pr2-O7 70.81(13) O11-Pr2-O7 86.76(12) O12-Pr2-O7 151.55(12) 
O10-Pr2-O9 78.33(12) O11-Pr2-O9 90.19(12) O12-Pr2-O9 69.43(12) 
O7-Pr2-O9 86.16(12) O10-Pr2-O8 113.76(12) O11-Pr2-O8 68.82(11) 
O12-Pr2-O8 120.05(12) O7-Pr2-O8 76.23(11) O9-Pr2-O8 153.01(12) 
O10-Pr2-O14 87.81(13) O11-Pr2-O14 115.94(12) O12-Pr2-O14 74.64(13) 
O7-Pr2-O14 133.77(12) O9-Pr2-O14 130.10(12) O8-Pr2-O14 75.99(12) 
O10-Pr2-Li5 100.13(18) O11-Pr2-Li5 81.08(18) O12-Pr2-Li5 35.23(16) 
O7-Pr2-Li5 118.40(16) O9-Pr2-Li5 34.37(16) O8-Pr2-Li5 146.09(18) 
O14-Pr2-Li5 105.17(17) O10-Pr2-Li4 36.49(18) O11-Pr2-Li4 119.64(18) 
O12-Pr2-Li4 141.01(18) O7-Pr2-Li4 34.78(18) O9-Pr2-Li4 76.29(18) 
O8-Pr2-Li4 98.92(17) O14-Pr2-Li4 117.4(2) Li5-Pr2-Li4 109.6(2) 
O10-Pr2-Li6 137.88(18) O11-Pr2-Li6 34.46(16) O12-Pr2-Li6 106.14(19) 
O7-Pr2-Li6 72.74(19) O9-Pr2-Li6 119.48(17) O8-Pr2-Li6 35.66(17) 
O14-Pr2-Li6 102.86(18) Li5-Pr2-Li6 115.5(2) Li4-Pr2-Li6 106.6(2) 
C1-O1-Li1 126.8(4) C1-O1-Pr1 118.4(3) Li1-O1-Pr1 96.6(3) 
C20-O2-Li3 136.8(5) C20-O2-Pr1 121.9(3) Li3-O2-Pr1 99.8(4) 
C21-O3-Li2 121.7(4) C21-O3-Pr1 122.3(3) Li2-O3-Pr1 94.7(3) 
C40-O4-Li1 137.5(4) C40-O4-Pr1 122.6(3) Li1-O4-Pr1 95.8(3) 
C41-O5-Li3 131.9(5) C41-O5-Pr1 122.4(3) Li3-O5-Pr1 98.9(4) 
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C60-O6-Li2 140.8(4) C60-O6-Pr1 119.4(2) Li2-O6-Pr1 96.7(3) 
C61-O7-Li4 136.1(4) C61-O7-Pr2 125.7(3) Li4-O7-Pr2 97.3(3) 
C80-O8-Li6 126.3(4) C80-O8-Pr2 115.6(2) Li6-O8-Pr2 96.2(3) 
C81-O9-Li5 134.2(4) C81-O9-Pr2 126.5(3) Li5-O9-Pr2 97.5(3) 
C100-O10-Li4 126.7(4) C100-O10-Pr2 118.0(3) Li4-O10-Pr2 96.5(3) 
C101-O11-Li6 139.4(4) C101-O11-Pr2 121.7(3) Li6-O11-Pr2 98.6(3) 
C120-O12-Li5 125.3(4) C120-O12-Pr2 122.8(3) Li5-O12-Pr2 96.6(3) 
C121-O13-Pr1 131.1(3) C124-O14-Pr2 137.1(4) C127-O15-C129 105.4(14) 
C127-O15-Li1 124.9(7) C129-O15-Li1 129.7(13) C133-O16-C131 114.7(4) 
C133-O16-Li2 120.9(4) C131-O16-Li2 121.6(4) C137-O17-C135 104.0(4) 
C137-O17-Li3 130.2(6) C135-O17-Li3 125.3(6) C139-O18-C141 111.3(5) 
C139-O18-Li4 125.5(5) C141-O18-Li4 118.2(5) C143-O19-C145 112.2(5) 
C143-O19-Li5 125.1(4) C145-O19-Li5 113.8(5) C147-O20-C149 104.3(9) 
C147-O20-Li6 125.7(7) C149-O20-Li6 124.0(7) C151-O21-C153 113.7(4) 
C157-O22-C155 122.3(8) C159-O23-C161 103.0(12) C165-O24-C163 140.0(17) 
O1-C1-C10 120.6(4) O1-C1-C2 118.8(4) C10-C1-C2 120.6(4) 
C3-C2-C1 120.2(4) C2-C3-C4 122.0(4) C3-C4-C5 122.7(5) 
C3-C4-C9 118.4(4) C5-C4-C9 118.8(4) C6-C5-C4 121.4(5) 
C5-C6-C7 119.9(5) C8-C7-C6 119.9(5) C7-C8-C9 121.9(4) 
C8-C9-C4 118.1(4) C8-C9-C10 122.5(4) C4-C9-C10 119.4(4) 
C1-C10-C9 119.2(4) C1-C10-C11 120.0(4) C9-C10-C11 120.7(3) 
C20-C11-C12 119.4(4) C20-C11-C10 119.4(4) C12-C11-C10 121.1(3) 
C13-C12-C11 122.1(4) C13-C12-C17 118.0(4) C11-C12-C17 119.8(4) 
C14-C13-C12 120.6(5) C13-C14-C15 121.8(5) C16-C15-C14 118.8(4) 
C15-C16-C17 121.9(5) C18-C17-C16 122.4(4) C18-C17-C12 118.9(4) 
C16-C17-C12 118.7(5) C19-C18-C17 121.1(4) C18-C19-C20 122.1(4) 
O2-C20-C11 122.2(4) O2-C20-C19 119.2(4) C11-C20-C19 118.6(4) 
O3-C21-C30 121.4(4) O3-C21-C22 118.6(5) C30-C21-C22 119.9(4) 
C23-C22-C21 120.2(6) C22-C23-C24 122.3(6) C23-C24-C25 123.3(7) 
C23-C24-C29 118.5(5) C25-C24-C29 118.2(7) C26-C25-C24 121.2(7) 
C27-C26-C25 120.2(6) C26-C27-C28 122.6(7) C27-C28-C29 119.1(7) 
C24-C29-C30 120.1(5) C24-C29-C28 118.7(5) C30-C29-C28 121.2(5) 
C21-C30-C29 118.8(4) C21-C30-C31 120.1(4) C29-C30-C31 121.0(4) 
C40-C31-C32 118.9(5) C40-C31-C30 119.4(4) C32-C31-C30 121.7(4) 
C37-C32-C33 118.0(4) C37-C32-C31 120.1(4) C33-C32-C31 121.9(5) 
C34-C33-C32 120.8(5) C33-C34-C35 121.1(6) C36-C35-C34 120.5(5) 
C35-C36-C37 120.0(6) C32-C37-C38 118.7(4) C32-C37-C36 119.6(5) 
C38-C37-C36 121.7(5) C39-C38-C37 121.4(5) C38-C39-C40 121.4(5) 
O4-C40-C31 121.7(4) O4-C40-C39 119.3(4) C31-C40-C39 119.0(4) 
O5-C41-C50 122.4(4) O5-C41-C42 119.2(5) C50-C41-C42 118.4(5) 
C43-C42-C41 121.8(7) C42-C43-C44 121.2(5) C45-C44-C43 123.7(7) 
C45-C44-C49 117.9(9) C43-C44-C49 118.4(5) C46-C45-C44 121.0(8) 
C45-C46-C47 122.2(7) C48-C47-C46 119.5(9) C47-C48-C49 119.4(7) 
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C48-C49-C50 120.9(5) C48-C49-C44 120.0(5) C50-C49-C44 119.1(6) 
C41-C50-C49 120.0(4) C41-C50-C51 120.0(4) C49-C50-C51 120.1(4) 
C60-C51-C52 119.6(4) C60-C51-C50 120.9(4) C52-C51-C50 119.5(3) 
C51-C52-C57 120.4(4) C51-C52-C53 122.1(4) C57-C52-C53 117.5(4) 
C54-C53-C52 121.2(4) C53-C54-C55 120.7(5) C56-C55-C54 119.8(4) 
C55-C56-C57 121.5(4) C58-C57-C52 118.3(4) C58-C57-C56 122.4(4) 
C52-C57-C56 119.3(4) C59-C58-C57 121.3(4) C58-C59-C60 121.5(4) 
O6-C60-C51 122.0(4) O6-C60-C59 119.1(4) C51-C60-C59 119.0(4) 
O7-C61-C70 122.0(4) O7-C61-C62 118.9(4) C70-C61-C62 119.2(4) 
C63-C62-C61 121.9(4) C62-C63-C64 120.1(4) C65-C64-C63 121.7(4) 
C65-C64-C69 119.5(4) C63-C64-C69 118.8(4) C66-C65-C64 121.7(5) 
C65-C66-C67 119.6(4) C66-C67-C68 121.3(5) C67-C68-C69 119.9(4) 
C70-C69-C64 120.2(4) C70-C69-C68 121.7(4) C64-C69-C68 118.0(4) 
C61-C70-C69 119.7(4) C61-C70-C71 119.1(4) C69-C70-C71 121.3(4) 
C80-C71-C72 119.1(4) C80-C71-C70 120.2(4) C72-C71-C70 120.7(4) 
C77-C72-C71 119.2(4) C77-C72-C73 117.8(4) C71-C72-C73 122.9(4) 
C74-C73-C72 121.4(5) C73-C74-C75 121.0(5) C76-C75-C74 119.9(4) 
C75-C76-C77 121.1(5) C72-C77-C78 120.6(4) C72-C77-C76 118.6(4) 
C78-C77-C76 120.7(4) C79-C78-C77 119.8(4) C78-C79-C80 121.3(4) 
O8-C80-C71 121.1(4) O8-C80-C79 119.1(4) C71-C80-C79 119.9(4) 
O9-C81-C90 121.9(4) O9-C81-C82 119.0(4) C90-C81-C82 119.1(3) 
C83-C82-C81 121.9(4) C82-C83-C84 120.6(4) C89-C84-C83 118.6(4) 
C89-C84-C85 119.7(4) C83-C84-C85 121.7(4) C86-C85-C84 120.7(4) 
C85-C86-C87 119.6(4) C88-C87-C86 121.5(5) C87-C88-C89 120.9(4) 
C84-C89-C88 117.6(4) C84-C89-C90 120.8(4) C88-C89-C90 121.6(4) 
C81-C90-C89 118.6(3) C81-C90-C91 121.0(3) C89-C90-C91 120.4(4) 
C100-C91-C92 119.8(4) C100-C91-C90 120.2(4) C92-C91-C90 120.0(3) 
C97-C92-C93 117.1(4) C97-C92-C91 121.0(4) C93-C92-C91 121.8(4) 
C94-C93-C92 120.8(5) C93-C94-C95 120.6(5) C96-C95-C94 120.9(5) 
C95-C96-C97 120.3(5) C96-C97-C92 120.3(5) C96-C97-C98 122.9(5) 
C92-C97-C98 116.8(5) C99-C98-C97 122.0(5) C98-C99-C100 121.7(4) 
O10-C100-C91 122.5(4) O10-C100-C99 119.0(4) C91-C100-C99 118.5(4) 
O11-C101-C110 122.1(4) O11-C101-C102 118.3(4) C110-C101-C102 119.5(4) 
C103-C102-C101 121.1(4) C102-C103-C104 120.4(5) C109-C104-C103 119.6(4) 
C109-C104-C105 118.8(5) C103-C104-C105 121.7(5) C106-C105-C104 121.6(6) 
C105-C106-C107 120.1(5) C108-C107-C106 120.6(6) C107-C108-C109 120.9(6) 
C104-C109-C108 118.1(4) C104-C109-C110 119.7(4) C108-C109-C110 122.2(4) 
C101-C110-C109 119.7(4) C101-C110-C111 121.1(4) C109-C110-C111 119.1(4) 
C120-C111-C112 119.1(4) C120-C111-C110 118.6(4) C112-C111-C110 122.1(4) 
C113-C112-C111 123.0(5) C113-C112-C117 117.9(5) C111-C112-C117 119.0(5) 
C114-C113-C112 120.9(7) C113-C114-C115 121.1(7) C116-C115-C114 120.4(6) 
C115-C116-C117 121.9(7) C118-C117-C116 122.7(5) C118-C117-C112 119.6(4) 
C116-C117-C112 117.8(6) C119-C118-C117 120.0(5) C118-C119-C120 122.3(5) 
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O12-C120-C111 122.0(4) O12-C120-C119 118.8(4) C111-C120-C119 119.2(4) 
O13-C121-C122 121.6(4) O13-C121-C126 120.7(4) C122-C121-C126 117.7(4) 
C123-C122-C121 121.0(4) C122-C123-C124 120.4(4) O14-C124-C125 120.4(4) 
O14-C124-C123 122.0(4) C125-C124-C123 117.6(4) C126-C125-C124 120.6(4) 
C125-C126-C121 120.4(4) O15-C127-C128 106.6(10) O15-C129-C130 100.6(15) 
O16-C131-C132 111.7(5) O16-C133-C134 108.0(4) C136-C135-O17 89.9(4) 
O17-C137-C138 110.3(3) O18-C139-C140 109.2(5) O18-C141-C142 110.5(7) 
O19-C143-C144 105.2(5) C146-C145-O19 103.8(9) O20-C147-C148 111.2(10) 
O20-C149-C150 116.2(11) O21-C151-C152 109.6(5) O21-C153-C154 110.6(5) 
O22-C155-C156 110.8(10) O22-C157-C158 116.5(9) O23-C159-C160 102.3(12) 
O23-C161-C162 97.8(14) O24-C163-C164 126.6(14) O24-C165-C166 123(3) 
O4-Li1-O15 135.6(5) O4-Li1-O1 96.4(4) O15-Li1-O1 121.2(6) 
O4-Li1-Pr1 49.3(2) O15-Li1-Pr1 158.3(5) O1-Li1-Pr1 47.1(2) 
O3-Li2-O6 96.1(4) O3-Li2-O16 114.4(4) O6-Li2-O16 134.4(4) 
O3-Li2-Pr1 49.7(2) O6-Li2-Pr1 47.66(19) O16-Li2-Pr1 155.1(4) 
O2-Li3-O5 93.1(5) O2-Li3-O17 132.5(8) O5-Li3-O17 128.2(6) 
O2-Li3-Pr1 46.2(3) O5-Li3-Pr1 46.9(3) O17-Li3-Pr1 160.3(6) 
O7-Li4-O18 131.9(5) O7-Li4-O10 94.2(4) O18-Li4-O10 132.4(5) 
O7-Li4-Pr2 47.9(2) O18-Li4-Pr2 177.1(5) O10-Li4-Pr2 47.0(2) 
O9-Li5-O12 95.9(4) O9-Li5-O19 129.7(5) O12-Li5-O19 112.7(4) 
O9-Li5-Pr2 48.1(2) O12-Li5-Pr2 48.1(2) O19-Li5-Pr2 144.0(4) 
O11-Li6-O8 93.1(4) O11-Li6-O20 127.3(5) O8-Li6-O20 127.2(5) 
O11-Li6-Pr2 46.9(2) O8-Li6-Pr2 48.2(2) O20-Li6-Pr2 162.7(5) 
 
Table 3.4.22. Bond lengths for compound 3.2–Nd (Å). 
Nd1-O1  2.337(4) Nd1-O6  2.349(3) Nd1-O2  2.384(4) 
Nd1-O5  2.400(4) Nd1-O4  2.417(4) Nd1-O3  2.441(4) 
Nd1-O13  2.626(4) Nd1-Li1  3.166(9) Nd1-Li2  3.170(8) 
Nd1-Li3  3.260(11) Nd2-O10  2.349(4) Nd2-O11  2.361(4) 
Nd2-O9  2.385(3) Nd2-O12  2.390(4) Nd2-O8  2.399(3) 
Nd2-O7  2.401(4) Nd2-O14  2.600(4) Nd2-Li5  3.187(8) 
Nd2-Li6  3.204(9) Nd2-Li4  3.207(10) O1-C1  1.325(6) 
O1-Li1  1.881(10) O2-C20  1.326(6) O2-Li3  1.866(11) 
O3-C21  1.331(6) O3-Li2  1.854(9) O4-C40  1.349(6) 
O4-Li1  1.830(10) O5-C41  1.340(6) O5-Li3  1.863(12) 
O6-C60  1.345(5) O6-Li2  1.877(8) O7-C61  1.329(6) 
O7-Li4  1.853(10) O8-C80  1.333(5) O8-Li6  1.885(10) 
O9-C81  1.338(5) O9-Li5  1.826(8) O10-C100  1.323(6) 
O10-Li4  1.921(10) O11-C101  1.324(5) O11-Li6  1.826(8) 
O12-C120  1.343(6) O12-Li5  1.854(8) O13-C121  1.248(6) 
O14-C124  1.235(6) C1-C10  1.399(6) C1-C2  1.416(6) 
C2-C3  1.356(8) C3-C4  1.420(8) C4-C5  1.430(7) 
C4-C9  1.433(6) C5-C6  1.352(9) C6-C7  1.411(8) 
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C7-C8  1.369(7) C8-C9  1.416(6) C9-C10  1.430(6) 
C10-C11  1.491(6) C11-C20  1.394(6) C11-C12  1.437(6) 
C12-C13  1.421(6) C12-C17  1.422(6) C13-C14  1.375(6) 
C14-C15  1.401(8) C15-C16  1.337(8) C16-C17  1.438(6) 
C17-C18  1.414(7) C18-C19  1.345(7) C19-C20  1.443(6) 
C21-C30  1.409(7) C21-C22  1.431(7) C22-C23  1.375(8) 
C23-C24  1.415(10) C24-C29  1.413(9) C24-C25  1.425(8) 
C25-C26  1.383(13) C26-C27  1.381(12) C27-C28  1.374(9) 
C28-C29  1.442(9) C29-C30  1.448(7) C30-C31  1.465(7) 
C31-C40  1.406(6) C31-C32  1.434(6) C32-C37  1.416(7) 
C32-C33  1.436(7) C33-C34  1.367(7) C34-C35  1.383(10) 
C35-C36  1.365(10) C36-C37  1.420(7) C37-C38  1.428(7) 
C38-C39  1.345(7) C39-C40  1.420(7) C41-C50  1.385(7) 
C41-C42  1.435(6) C42-C43  1.347(9) C43-C44  1.419(11) 
C44-C45  1.403(10) C44-C49  1.439(8) C45-C46  1.360(16) 
C46-C47  1.386(15) C47-C48  1.389(8) C48-C49  1.421(9) 
C49-C50  1.433(6) C50-C51  1.490(5) C51-C60  1.379(6) 
C51-C52  1.433(6) C52-C53  1.420(6) C52-C57  1.419(6) 
C53-C54  1.386(7) C54-C55  1.401(8) C55-C56  1.349(8) 
C56-C57  1.433(6) C57-C58  1.412(6) C58-C59  1.364(6) 
C59-C60  1.415(5) C61-C70  1.387(6) C61-C62  1.412(6) 
C62-C63  1.366(7) C63-C64  1.395(7) C64-C65  1.424(7) 
C64-C69  1.435(7) C65-C66  1.366(8) C66-C67  1.403(8) 
C67-C68  1.389(6) C68-C69  1.428(6) C69-C70  1.405(6) 
C70-C71  1.504(6) C71-C80  1.396(6) C71-C72  1.418(6) 
C72-C77  1.421(7) C72-C73  1.449(6) C73-C74  1.362(7) 
C74-C75  1.400(8) C75-C76  1.369(8) C76-C77  1.433(7) 
C77-C78  1.421(7) C78-C79  1.336(7) C79-C80  1.426(6) 
C81-C90  1.400(6) C81-C82  1.426(6) C82-C83  1.359(6) 
C83-C84  1.401(6) C84-C89  1.417(6) C84-C85  1.434(6) 
C85-C86  1.349(7) C86-C87  1.394(7) C87-C88  1.387(6) 
C88-C89  1.416(6) C89-C90  1.440(5) C90-C91  1.490(5) 
C91-C100  1.394(5) C91-C92  1.448(6) C92-C93  1.415(7) 
C92-C97  1.417(7) C93-C94  1.383(7) C94-C95  1.404(9) 
C95-C96  1.333(9) C96-C97  1.418(8) C97-C98  1.442(9) 
C98-C99  1.319(8) C99-C100  1.445(6) C101-C110  1.386(6) 
C101-C102  1.428(6) C102-C103  1.358(7) C103-C104  1.416(8) 
C104-C109  1.412(7) C104-C105  1.425(7) C105-C106  1.331(10) 
C106-C107  1.425(10) C107-C108  1.368(8) C108-C109  1.425(7) 
C109-C110  1.436(6) C110-C111  1.511(6) C111-C120  1.393(7) 
C111-C112  1.426(6) C112-C113  1.399(8) C112-C117  1.465(7) 
C113-C114  1.382(9) C114-C115  1.426(12) C115-C116  1.334(11) 
C116-C117  1.439(7) C117-C118  1.383(8) C118-C119  1.358(7) 
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C119-C120  1.428(6) C121-C126  1.458(7) C121-C122  1.478(6) 
C122-C123  1.325(6) C123-C124  1.473(7) C124-C125  1.468(6) 
C125-C126  1.346(6) O15-C127  1.298(16) O15-C129  1.40(2) 
O15-Li1  1.898(10) C127-C128  1.43(2) C129-C130  1.38(2) 
O16-C133  1.419(6) O16-C131  1.439(6) O16-Li2  1.905(8) 
C131-C132  1.470(9) C133-C134  1.484(8) O17-C135  1.418(8) 
O17-C137  1.455(8) O17-Li3  1.888(12) C135-C136  1.465(9) 
C137-C138  1.485(10) O18-C139  1.414(7) O18-C141  1.426(9) 
O18-Li4  1.918(10) C139-C140  1.467(11) C141-C142  1.478(13) 
O19-C143  1.375(8) O19-C145  1.664(12) O19-Li5  1.881(9) 
C143-C144  1.528(11) C145-C146  1.411(15) O20-C147  1.379(12) 
O20-C149  1.546(14) O20-Li6  1.919(11) C147-C148  1.381(15) 
C149-C150  1.357(17) O21-C151  1.359(8) O21-C153  1.398(8) 
C151-C152  1.479(10) C153-C154  1.419(10) O22-C155  1.310(16) 
O22-C157  1.320(14) C155-C156  1.331(17) C157-C158  1.342(18) 
O23-C159  1.378(15) O23-C161  1.426(18) C159-C160  1.59(2) 
C161-C162  1.62(3) O24-C163  1.423(8) O24-C165  1.443(9) 
C163-C164  1.534(9) C165-C166  1.566(9)   
 
Table 3.4.23. Bond angles for compound 3.2–Nd (o). 
O1-Nd1-O6 161.43(11) O1-Nd1-O2 77.83(12) O6-Nd1-O2 101.77(11) 
O1-Nd1-O5 116.21(13) O6-Nd1-O5 80.06(12) O2-Nd1-O5 68.73(14) 
O1-Nd1-O4 71.28(13) O6-Nd1-O4 90.23(12) O2-Nd1-O4 81.62(13) 
O5-Nd1-O4 145.87(13) O1-Nd1-O3 101.48(13) O6-Nd1-O3 70.85(12) 
O2-Nd1-O3 154.77(13) O5-Nd1-O3 130.56(14) O4-Nd1-O3 74.47(13) 
O1-Nd1-O13 89.00(13) O6-Nd1-O13 102.90(12) O2-Nd1-O13 137.01(13) 
O5-Nd1-O13 81.57(13) O4-Nd1-O13 132.56(13) O3-Nd1-O13 67.70(13) 
O1-Nd1-Li1 36.16(19) O6-Nd1-Li1 125.35(19) O2-Nd1-Li1 76.9(2) 
O5-Nd1-Li1 141.26(19) O4-Nd1-Li1 35.13(19) O3-Nd1-Li1 87.76(19) 
O13-Nd1-Li1 114.6(2) O1-Nd1-Li2 131.85(17) O6-Nd1-Li2 36.03(16) 
O2-Nd1-Li2 129.43(17) O5-Nd1-Li2 111.12(17) O4-Nd1-Li2 74.84(18) 
O3-Nd1-Li2 35.69(17) O13-Nd1-Li2 89.51(18) Li1-Nd1-Li2 104.3(2) 
O1-Nd1-Li3 98.5(2) O6-Nd1-Li3 90.6(2) O2-Nd1-Li3 34.4(2) 
O5-Nd1-Li3 34.4(2) O4-Nd1-Li3 114.2(2) O3-Nd1-Li3 159.9(2) 
O13-Nd1-Li3 111.1(3) Li1-Nd1-Li3 109.8(2) Li2-Nd1-Li3 126.5(3) 
O10-Nd2-O11 155.81(12) O10-Nd2-O9 78.05(12) O11-Nd2-O9 91.05(12) 
O10-Nd2-O12 115.21(13) O11-Nd2-O12 80.04(12) O9-Nd2-O12 69.84(12) 
O10-Nd2-O8 113.25(12) O11-Nd2-O8 68.90(11) O9-Nd2-O8 153.55(12) 
O12-Nd2-O8 120.54(12) O10-Nd2-O7 71.10(14) O11-Nd2-O7 86.76(13) 
O9-Nd2-O7 85.74(12) O12-Nd2-O7 151.80(12) O8-Nd2-O7 76.38(12) 
O10-Nd2-O14 87.23(13) O11-Nd2-O14 115.92(12) O9-Nd2-O14 129.45(13) 
O12-Nd2-O14 73.77(13) O8-Nd2-O14 76.31(12) O7-Nd2-O14 134.33(13) 
O10-Nd2-Li5 99.25(18) O11-Nd2-Li5 82.53(18) O9-Nd2-Li5 34.63(16) 
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O12-Nd2-Li5 35.32(16) O8-Nd2-Li5 147.41(18) O7-Nd2-Li5 118.52(16) 
O14-Nd2-Li5 104.05(16) O10-Nd2-Li6 138.2(2) O11-Nd2-Li6 34.24(17) 
O9-Nd2-Li6 120.26(17) O12-Nd2-Li6 106.5(2) O8-Nd2-Li6 35.80(17) 
O7-Nd2-Li6 73.3(2) O14-Nd2-Li6 102.82(18) Li5-Nd2-Li6 116.7(2) 
O10-Nd2-Li4 36.49(19) O11-Nd2-Li4 120.11(18) O9-Nd2-Li4 76.16(19) 
O12-Nd2-Li4 140.82(18) O8-Nd2-Li4 98.56(18) O7-Nd2-Li4 35.00(19) 
O14-Nd2-Li4 116.93(19) Li5-Nd2-Li4 109.5(2) Li6-Nd2-Li4 107.1(2) 
C1-O1-Li1 126.5(4) C1-O1-Nd1 119.2(3) Li1-O1-Nd1 96.7(3) 
C20-O2-Li3 136.3(5) C20-O2-Nd1 122.8(3) Li3-O2-Nd1 99.5(4) 
C21-O3-Li2 122.6(4) C21-O3-Nd1 121.3(3) Li2-O3-Nd1 94.1(3) 
C40-O4-Li1 138.0(4) C40-O4-Nd1 122.6(3) Li1-O4-Nd1 95.4(3) 
C41-O5-Li3 130.8(5) C41-O5-Nd1 122.9(3) Li3-O5-Nd1 99.0(4) 
C60-O6-Li2 140.3(4) C60-O6-Nd1 120.1(3) Li2-O6-Nd1 96.6(3) 
C61-O7-Li4 136.0(4) C61-O7-Nd2 125.9(3) Li4-O7-Nd2 97.0(3) 
C80-O8-Li6 126.3(4) C80-O8-Nd2 116.0(3) Li6-O8-Nd2 96.1(3) 
C81-O9-Li5 132.8(4) C81-O9-Nd2 127.5(3) Li5-O9-Nd2 97.5(3) 
C100-O10-Li4 126.4(4) C100-O10-Nd2 118.9(3) Li4-O10-Nd2 96.9(3) 
C101-O11-Li6 139.6(5) C101-O11-Nd2 121.2(3) Li6-O11-Nd2 99.1(3) 
C120-O12-Li5 126.3(4) C120-O12-Nd2 122.7(3) Li5-O12-Nd2 96.5(3) 
C121-O13-Nd1 130.9(4) C124-O14-Nd2 136.6(4) O1-C1-C10 121.1(4) 
O1-C1-C2 118.6(4) C10-C1-C2 120.3(4) C3-C2-C1 120.1(4) 
C2-C3-C4 122.2(4) C3-C4-C5 123.3(5) C3-C4-C9 118.4(4) 
C5-C4-C9 118.2(5) C6-C5-C4 121.8(5) C5-C6-C7 120.2(5) 
C8-C7-C6 119.9(5) C7-C8-C9 121.9(5) C8-C9-C10 122.9(4) 
C8-C9-C4 118.0(4) C10-C9-C4 119.1(4) C1-C10-C9 119.8(4) 
C1-C10-C11 119.9(4) C9-C10-C11 120.3(4) C20-C11-C12 119.4(4) 
C20-C11-C10 119.3(4) C12-C11-C10 121.3(4) C13-C12-C17 117.4(4) 
C13-C12-C11 122.2(4) C17-C12-C11 120.4(4) C14-C13-C12 121.0(5) 
C13-C14-C15 121.6(5) C16-C15-C14 119.0(4) C15-C16-C17 122.3(5) 
C18-C17-C12 118.6(4) C18-C17-C16 122.6(4) C12-C17-C16 118.8(4) 
C19-C18-C17 120.9(4) C18-C19-C20 122.2(4) O2-C20-C11 122.5(4) 
O2-C20-C19 118.9(4) C11-C20-C19 118.5(4) O3-C21-C30 121.4(4) 
O3-C21-C22 119.2(5) C30-C21-C22 119.4(4) C23-C22-C21 120.9(6) 
C22-C23-C24 121.2(5) C29-C24-C23 119.2(5) C29-C24-C25 119.6(7) 
C23-C24-C25 121.2(7) C26-C25-C24 119.4(8) C27-C26-C25 121.0(6) 
C28-C27-C26 122.1(7) C27-C28-C29 118.7(7) C24-C29-C28 119.3(5) 
C24-C29-C30 120.0(5) C28-C29-C30 120.7(5) C21-C30-C29 119.2(5) 
C21-C30-C31 119.7(4) C29-C30-C31 121.1(5) C40-C31-C32 119.1(4) 
C40-C31-C30 119.2(4) C32-C31-C30 121.7(4) C37-C32-C31 120.2(4) 
C37-C32-C33 118.0(4) C31-C32-C33 121.8(5) C34-C33-C32 120.1(6) 
C33-C34-C35 121.5(6) C36-C35-C34 120.3(5) C35-C36-C37 120.7(6) 
C32-C37-C36 119.4(5) C32-C37-C38 118.5(4) C36-C37-C38 122.1(5) 
C39-C38-C37 120.8(5) C38-C39-C40 122.1(5) O4-C40-C31 121.0(4) 
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O4-C40-C39 120.0(4) C31-C40-C39 119.0(4) O5-C41-C50 122.2(4) 
O5-C41-C42 119.3(5) C50-C41-C42 118.5(5) C43-C42-C41 121.4(6) 
C42-C43-C44 121.6(5) C45-C44-C43 124.0(7) C45-C44-C49 118.0(8) 
C43-C44-C49 117.9(5) C46-C45-C44 121.2(8) C45-C46-C47 121.3(7) 
C48-C47-C46 120.6(9) C47-C48-C49 119.1(7) C48-C49-C50 121.2(5) 
C48-C49-C44 119.6(5) C50-C49-C44 119.2(5) C41-C50-C49 120.2(4) 
C41-C50-C51 120.0(4) C49-C50-C51 119.8(4) C60-C51-C52 119.3(4) 
C60-C51-C50 121.7(4) C52-C51-C50 118.9(4) C53-C52-C57 117.7(4) 
C53-C52-C51 122.0(4) C57-C52-C51 120.3(4) C54-C53-C52 120.3(4) 
C53-C54-C55 121.4(5) C56-C55-C54 119.8(4) C55-C56-C57 120.8(4) 
C58-C57-C52 118.2(4) C58-C57-C56 121.9(4) C52-C57-C56 119.9(4) 
C59-C58-C57 121.1(4) C58-C59-C60 121.1(4) O6-C60-C51 121.3(4) 
O6-C60-C59 118.7(4) C51-C60-C59 120.0(4) O7-C61-C70 122.0(4) 
O7-C61-C62 118.6(4) C70-C61-C62 119.5(4) C63-C62-C61 121.3(4) 
C62-C63-C64 120.5(4) C63-C64-C65 122.0(4) C63-C64-C69 119.0(4) 
C65-C64-C69 119.0(4) C66-C65-C64 121.9(5) C65-C66-C67 119.4(5) 
C68-C67-C66 121.2(5) C67-C68-C69 120.7(4) C70-C69-C68 122.7(4) 
C70-C69-C64 119.5(4) C68-C69-C64 117.8(4) C61-C70-C69 120.1(4) 
C61-C70-C71 118.9(4) C69-C70-C71 121.0(4) C80-C71-C72 119.6(4) 
C80-C71-C70 119.6(4) C72-C71-C70 120.8(4) C71-C72-C77 119.0(4) 
C71-C72-C73 123.0(4) C77-C72-C73 118.0(4) C74-C73-C72 121.2(5) 
C73-C74-C75 120.9(5) C76-C75-C74 119.6(5) C75-C76-C77 122.1(5) 
C78-C77-C72 119.7(4) C78-C77-C76 122.1(4) C72-C77-C76 118.1(4) 
C79-C78-C77 120.4(4) C78-C79-C80 121.4(4) O8-C80-C71 121.7(4) 
O8-C80-C79 118.5(4) C71-C80-C79 119.7(4) O9-C81-C90 122.4(4) 
O9-C81-C82 119.4(4) C90-C81-C82 118.2(3) C83-C82-C81 122.0(4) 
C82-C83-C84 121.5(4) C83-C84-C89 118.1(4) C83-C84-C85 122.2(4) 
C89-C84-C85 119.7(4) C86-C85-C84 120.7(4) C85-C86-C87 120.0(4) 
C88-C87-C86 121.4(4) C87-C88-C89 120.2(4) C84-C89-C88 117.9(4) 
C84-C89-C90 120.6(4) C88-C89-C90 121.5(4) C81-C90-C89 119.3(3) 
C81-C90-C91 120.0(3) C89-C90-C91 120.6(4) C100-C91-C92 119.8(4) 
C100-C91-C90 119.8(4) C92-C91-C90 120.3(3) C93-C92-C97 117.7(4) 
C93-C92-C91 121.4(4) C97-C92-C91 120.8(4) C94-C93-C92 120.7(5) 
C93-C94-C95 120.3(5) C96-C95-C94 120.1(5) C95-C96-C97 121.7(5) 
C92-C97-C96 119.4(5) C92-C97-C98 116.5(5) C96-C97-C98 124.1(5) 
C99-C98-C97 122.6(5) C98-C99-C100 122.2(5) O10-C100-C91 122.4(4) 
O10-C100-C99 119.6(4) C91-C100-C99 117.9(4) O11-C101-C110 122.2(4) 
O11-C101-C102 118.3(4) C110-C101-C102 119.5(4) C103-C102-C101 121.4(5) 
C102-C103-C104 120.4(5) C109-C104-C103 119.5(4) C109-C104-C105 119.3(5) 
C103-C104-C105 121.1(5) C106-C105-C104 120.9(6) C105-C106-C107 121.3(5) 
C108-C107-C106 119.1(6) C107-C108-C109 121.3(6) C104-C109-C108 118.1(4) 
C104-C109-C110 119.5(4) C108-C109-C110 122.4(5) C101-C110-C109 119.7(4) 
C101-C110-C111 122.0(4) C109-C110-C111 118.2(4) C120-C111-C112 119.6(4) 
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C120-C111-C110 118.5(4) C112-C111-C110 121.8(4) C113-C112-C111 122.9(5) 
C113-C112-C117 118.7(5) C111-C112-C117 118.4(5) C114-C113-C112 120.6(6) 
C113-C114-C115 121.2(7) C116-C115-C114 119.9(6) C115-C116-C117 121.9(7) 
C118-C117-C116 122.7(5) C118-C117-C112 119.6(4) C116-C117-C112 117.7(6) 
C119-C118-C117 120.5(4) C118-C119-C120 122.0(5) O12-C120-C111 121.9(4) 
O12-C120-C119 119.1(4) C111-C120-C119 119.0(4) O13-C121-C126 121.6(4) 
O13-C121-C122 121.0(5) C126-C121-C122 117.3(4) C123-C122-C121 121.1(4) 
C122-C123-C124 120.6(4) O14-C124-C125 119.8(4) O14-C124-C123 122.9(4) 
C125-C124-C123 117.3(4) C126-C125-C124 120.9(4) C125-C126-C121 120.4(4) 
C127-O15-C129 112.0(12) C127-O15-Li1 125.0(10) C129-O15-Li1 122.3(10) 
O15-C127-C128 113.1(11) C130-C129-O15 118.6(12) C133-O16-C131 114.5(4) 
C133-O16-Li2 120.4(4) C131-O16-Li2 122.5(4) O16-C131-C132 112.8(5) 
O16-C133-C134 109.3(4) C135-O17-C137 107.9(8) C135-O17-Li3 133.2(8) 
C137-O17-Li3 118.8(10) O17-C135-C136 103.5(10) O17-C137-C138 110.1(10) 
C139-O18-C141 111.7(5) C139-O18-Li4 125.9(5) C141-O18-Li4 117.9(5) 
O18-C139-C140 108.9(5) O18-C141-C142 109.8(7) C143-O19-C145 112.3(5) 
C143-O19-Li5 126.5(5) C145-O19-Li5 111.1(5) O19-C143-C144 104.4(6) 
C146-C145-O19 101.6(10) C147-O20-C149 112.0(9) C147-O20-Li6 121.6(7) 
C149-O20-Li6 119.5(7) O20-C147-C148 116.4(11) C150-C149-O20 113.7(11) 
C151-O21-C153 116.8(5) O21-C151-C152 112.1(6) O21-C153-C154 114.4(7) 
C155-O22-C157 135.5(11) O22-C155-C156 130.1(16) O22-C157-C158 127.3(13) 
C159-O23-C161 100.0(12) O23-C159-C160 101.8(13) O23-C161-C162 93.2(14) 
C163-O24-C165 114.0(9) O24-C163-C164 110.6(8) O24-C165-C166 107.0(9) 
O4-Li1-O1 96.6(4) O4-Li1-O15 134.9(6) O1-Li1-O15 122.9(6) 
O4-Li1-Nd1 49.5(2) O1-Li1-Nd1 47.1(2) O15-Li1-Nd1 160.1(5) 
O3-Li2-O6 96.2(4) O3-Li2-O16 113.8(4) O6-Li2-O16 134.7(5) 
O3-Li2-Nd1 50.2(2) O6-Li2-Nd1 47.4(2) O16-Li2-Nd1 155.2(4) 
O5-Li3-O2 92.8(5) O5-Li3-O17 129.9(6) O2-Li3-O17 133.4(8) 
O5-Li3-Nd1 46.6(3) O2-Li3-Nd1 46.2(3) O17-Li3-Nd1 163.5(7) 
O7-Li4-O18 131.7(5) O7-Li4-O10 94.0(5) O18-Li4-O10 133.1(5) 
O7-Li4-Nd2 48.0(2) O18-Li4-Nd2 177.5(5) O10-Li4-Nd2 46.6(2) 
O9-Li5-O12 95.9(4) O9-Li5-O19 131.8(5) O12-Li5-O19 114.0(4) 
O9-Li5-Nd2 47.9(2) O12-Li5-Nd2 48.2(2) O19-Li5-Nd2 146.6(4) 
O11-Li6-O8 93.0(4) O11-Li6-O20 128.5(6) O8-Li6-O20 127.7(5) 
O11-Li6-Nd2 46.7(3) O8-Li6-Nd2 48.1(2) O20-Li6-Nd2 164.0(5) 
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Ligand Exchange, Redistribution, and Reorganization in 
a Cerium Heterobimetallic Framework and their Roles in 




The role of intra- and inter-molecular ligand exchange and redistribution processes in the 
oxidation chemistry of Ce
III
 was investigated. Exchange and redistribution processes of Ce/Li 





exchange spectroscopy (2D-EXSY). Rates and activation parameters for the exchange 
processes in corresponding Yb/Li compounds were measurable, and indicated that these 
exchange processes occurred at rates faster than chemical oxidation. Combined spectroscopic 
and reactivity studies revealed that both ligand reorganization and ligand exchange processes 
have significant implications in the oxidation chemistry of Ce
III
, including rates of chemical 
oxidation and product selectivity. These effects can be rationalized chemically and can serve to 
further guide the rational synthesis of cerium compounds. 
 
 




The metal-ligand bonds formed in rare earth (RE) complexes are highly ionic in nature, and 
show enhanced rates of ligand exchange compared to more covalent metal-ligand bonds, such 
as those formed in transition metal systems.
1
 This increased ligand lability can be an 
advantageous property for contrast agents, sensors, and catalysts.
2
 As such, use of multidentate 
and/or sterically encumbered ligands is commonplace in RE coordination chemistry to control 
these processes.
3
  Unfortunately, these design strategies have not proven directly amenable to 
the development of general, predictable, and controlled redox chemistry, in especially for the 




  Upon oxidation to Ce
IV
, the Ce cation shrinks by 0.14 Å,
5
 which 
results in similar coordination environments as those observed for smaller REs such as Y and Yb. 
As a result, unfavorable steric interactions could be expected upon shortening metal-ligand bonds 
of bulky frameworks, and would involve significant ligand reorganization. Ligand reorganization 
has been implied as a potential cause in the observation of undesirable and/or unpredictable 
oxidation chemistry,
6
 however, only recently was this established experimentally.
7 
 
Figure 4.1.1. The REMB framework. RE = Rare Earths; M = Li, Na, K, Cs; B = (S)-BINOLate; 
RE/M/B = 1/3/3. 
Previously, we demonstrated that ligand reorganization directly affected the properties and 
oxidation chemistry of Ce
III
 in a tris(BINOLate) heterobimetallic framework, 
[M3(THF)n][(BINOLate)3RE] (Figure 4.1.1; REMB; RE = Ce, M = Li, Na, K, and Cs; B = (S)-
BINOLate; RE/M/B = 1/3/3).
7
 Through simple choice of M, the ability of the RE complex to 
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reorganize the ligand framework and coordinate neutral ligands (THF, TPPO) or oxidants was 
possible. We found that when M = Li, [Li3(THF)4][(BINOLate)3Ce(THF)]·THF (4.1–Ce(homo)), the 
complex can readily reorganize to stabilize similar coordination numbers and geometries upon 
oxidation, which facilitated general, predictable, and controlled chemical oxidation chemistry. The 
net result of this ligand reorganization was quite striking; a seemingly small perturbation such as 
shifting the equilibrium constant for coordination of neutral solvent at the RE cation led to over a 
130 fold difference in chemical oxidation rates and produced completely different product 
outcomes. 
Given these findings, we sought to investigate a system where we could explore the effects of 
ligand reorganization with respect to larger perturbations, such as ligand exchange and/or 
redistribution processes, and determine their impact on the observed reactivity and properties of 
Ce
III





 redistribution products observed in cerium oxidation reactions 
using a variety of supporting ligand frameworks and oxidation conditions.
4a, 6a, 8
 Herein, we report 
our investigations of the intra- and inter-molecular ligand exchange and redistribution processes 
between heterochiral and homochiral Ce/Li heterobimetallic complexes and their impact on the 




4.2.1. Synthesis and Characterization of 4.1–Ce(het).  Synthesis of 4.1–Ce(het) was 
accomplished by adding 3 equiv of racemic BINOL and Li(N(SiMe3)2 to a stirring THF solution of 
Ce[N(SiMe3)2)3]. Layering concentrated THF solutions of 4.1–Ce(het) with hexanes (1:4 v/v) at –
35 °C produced bright yellow-orange crystals in 74% yield. X-ray diffraction studies of 4.1–
Ce(het) confirmed the formation of the expected racemic heterochiral diastereomer (RRS/SSR, 
Figure 4.2.1). 4.1–Ce(het) was isostructural to 4.1–Y(het) and 4.1–Yb(het),
9
 where the Ce(het) 
confirmed the formation of the expected racemic heterochiral diastereomer (RRS/SSR, Figure 
4.2.1). 4.1–Ce(het) was isostructural to 4.1–Y(het) and 4.1–Yb(het),
9





Scheme 4.2.1. Synthesis of 4.1–Ce(het). The BINOLate ligands have been colored blue and 
yellow to indicate the SS/RR and R/S fragments, respectively.  
 
adopts a six-coordinate geometry. Previously, Aspinall and coworkers proposed that formation of 
the heterochiral diastereomer was favorable due to the formation of a weak C–H to π hydrogen 
bond observed in the solid state structure between a BINOLate proton to a neighboring BINOLate 
naphthyl π system.
9
 Inspection of the average bond distances between 4.1–Ce(het) and 4.1–
Ce(homo) provided a more straightforward explanation for the greater thermodynamic stability of 
4.1–Ce(het) versus 4.1–Ce(homo). The average Ce–OBINOLate bond distances in 4.1–Ce(het) are 
0.0380(1) Å shorter than 4.1–Ce(homo) (2.4268(23) and 2.3889(17) Å respectively), which 
indicate an enthalpic preference for 4.1–Ce(het). It should be noted that this explanation may be 
over simplified, as the coordination number of both the Ce and Li cations are different between 
4.1–Ce(het) and 4.1–Ce(homo). The subtle balance between the coordination requirements at 
the Ce and Li
+
 centers likely regulate the thermodynamics of these heterobimetallic complexes in 
the solid and solution states.  









NMR spectroscopy revealed a different scenario in solution (Scheme 4.2.2 and Figure 4.2.2) . 
Dissolving crystals of 4.1–Ce(het) in THF–d8 revealed two major solution species, 4.1–Ce(het) 





Figure 4.2.1. Thermal ellipsoid plot of 4.1–Ce(het) shown at 30% probability. The BINOLate 
ligands have been colored blue and yellow to indicate the SS/RR and R/S fragments respectively. 
Selected bond distances (Å): Ce(1)–O(1) 2.3908(16), Ce(1)–O(2) 2.3924(16), Ce(1)–O(3) 
2.3900(17), Ce(1)–O(4) 2.3947(16), Ce(1)–O(5) 2.3743(16), Ce(1)–O(6) 2.3909(17), Li(1)–O(2) 
1.888(5), Li(1)–O(3) 1.946(4), Li(2)–O(4) 1.927(5), Li(2)–O(6) 1.899(5), Li(3)–O(1) 1.946(4), 




Scheme 4.2.2. Equilibrium between 4.1–Ce(het) and 4.1–Ce(homo) observed by 1H and 
7
Li-
NMR for crystals of 4.1–Ce(het) dissolved in THF–d8. K = [4.1–Ce(homo)] / [4.1–Ce(het)] = 
0.143 (
7
Li NMR integration); 0.167 (
1





Figure 4.2.2. (A) 
1
H- (top), (B) 
7




H}-NMR (bottom) of 4.1–Ce(het) (4.1–






Li-NMR spectra, which  corresponded to a ΔG(300 K) value of 0.63 
kcal·mol
-1
 for the two diastereomeric forms. In comparison, ΔG(300 K) must be greater than 
1.79kcal·mol
-1
 (K ≈ 0.05) for the smaller RE, Y and Yb, as the homochiral diastereomer was not 
observed using NMR spectroscopy.
9-10
  We attribute the differences in ΔG to the coordination 
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preferences of the RE cation. The additional enthalpic contribution of 4.1–RE(homo) coordinating 
a seventh ligand (THF) would be expected to be larger with increasing size of REs, as they can 
more readily accommodate a seven-coordinate geometry. Further experimental evidence for this 




Li-NMR spectroscopy performed in a more strongly 
coordinating solvent, pyridine–d5 (pyr–d5). Use of pyr–d5 showed a large preference for the 
homochiral diastereomer, 4.1–Ce(homo), and was the sole species by observable NMR (Figure 
4.4.3). These results indicate that appreciable changes in ΔG between diastereomeric forms can 
be achieved through solvation, and could find potential applications in fine tuning non-linear 
effects
10-11
 for heterobimetallic complexes in asymmetric catalysis. 
4.2.2. Determination of Intra- and Inter-molecular Exchange Processes of 4.1–RE(het) 
Exchange Spectroscopy 




 independently reported that REMB frameworks will 
undergo ligand exchange upon addition of either optically pure 4.1–Y(homo) or BINOL. While 
insightful, these studies have not established whether BINOLate exchange persists at equilibrium 
between heterochiral and homochiral diastereomers and at what rate do these exchange 
processes occur. Furthermore, little is known about the lability of M
+
 for these heterobimetallic 
frameworks in solution, although exchange events are implied in a number of proposed catalytic 
cycles.
2a, 13
 Two-dimensional exchange spectroscopy (2D-EXSY) has emerged as a useful 
technique to determine rates of chemical exchange that are slow on the NMR timescale.
14
 This 





nuclei as well as paramagnetic systems.
14b, 15
  In addition to the ability to determine rates of 
chemical exchange between multisite equilibria, activation parameters can be obtained by 
performing a series of 2D-EXSY NMR experiments at variable temperatures, which could provide 
invaluable mechanistic insight into how these exchange processes occur. Ligand exchange 
processes for 4.1–RE(homo) and their relevance to asymmetric catalysis were studied in detail, 
and presented separately in Chapter 6. 
365 
 
We began our investigations of ligand and Li
+
 exchange processes in the REMB framework by 
studying 4.1–Yb(het) (BINOL = 0% ee). We chose 4.1–Yb(het) as there was only one 
diastereomer present in solution, which would facilitate for a straightforward interpretation of 
observed exchange processes. Furthermore, the C2 symmetry and paramagnetic Yb
III
 cation 




Li-NMR resonances of potentially exchanging species, 








Li-NMR EXSY experiments were performed on a 19.3 mM solution of 4.1–Yb(het) 
and were collected at 310 with a mixing time (tmix) of 5 ms.  Proposed Li
+
 (Figure 4.2.3a) and 
BINOLate (Figure 4.2.3b) intramolecular exchange processes are depicted in Figure 4.2.3. At 300 
K the two inequivalent 
7
Li resonances, LiA and LiB, readily undergo exchange, where the pseudo-
first order rate constants for exchange of LiA  LiB and LiB  LiA were 34.0 and 80.1 s
-1
 
respectively (Figure 4.2.4 and Table 4.2.1). A 2-fold dilution in the concentration of 4.1–Yb(het) 
resulted in to similar rates of exchange (31.4 and 79.8 versus 34.0 and 80.1 s
-1
 respectively) 
consistent with the assignment of the Li
+
 exchange as an intramolecular process. Intermolecular 
Li
+
 exchange should occur at a comparable rate to 4.1–RE(homo) (Chapter 6), but was not 
observable by 2D 
7
Li-NMR EXSY experiments. We propose two probable explanations for the 
absence of intermolecular Li
+
 exchange pathways: (1) intermolecular exchange occurs mainly 
through LiA  LiA and LiB  LiB, which would not be observable due to chemical equivalence of 
the two sites, and/or (2) the relaxation rate of the 
7
Li nucleus in the presence of the paramagnetic 
Yb
III
 cation occurs at a faster rate than that of intermolecular Li
+
 exchange.   
Similarly, 2D 
1
H-NMR EXSY revealed an intramolecular BINOLate exchange process (Figure 
4.2.5 and Table 4.2.1), which occurred at comparable rates to Li
+
 exchange (78.3 and 79.5 
versus 34.0 and 80.1 s
-1
 respectively). The rate of BINOLate exchange was also insensitive to 




Figure 4.2.3. Proposed (A) Li
+
 and (B) BINOLate exchange processes for 4.1 –Yb(het) (19.3 






H}-NMR EXSY experiments. Bound 
solvents not shown. 
 
Figure 4.2.4. Representative 2D 
7
Li-NMR EXSY experiment of 4.1–Yb(het)  (19.3 mM; tmix = 5 






Figure 4.2.5. Representative 2D 
1
H-NMR EXSY experiment of 4.1–Yb(het)  (19.3 mM; tmix = 5 
ms, 300 K; 4.1–Yb = 0% ee) taken in THF–d8. 
 






H}-NMR EXSY rate data and activation parameters for 4.1–Yb(het) 

































     
A  B 34.0 (31.4)
d
 15.1 –12.2 16 
B  A 80.1 (79.8)
d
 16.9 19.0 15.5 
BINOLate     
A(1)  A(8) 78.3 (82.5)
d
 14.2 –17.7 15.4 
A(8)  A(1) 79.5 (79.6)
d
 14.9 –8.3 15.5 
a – At 310 K  b – Determined using EXSYCalc
16
  c – At 298 K d – 2-fold dilution 
 
 
We propose that the observed chemical exchange was between SS/RR BINOLate fragments 
(Figure 4.2.3b,BINOLate A). The C2 symmetry of 4.1–Yb(het) results in two different chemical 
environments for the halves of BINOLate A (Figure 4.2.3b, In versus Out), and facilitated the 
observation of the exchange process by 2D-EXSY experiments. Again, unlike 4.1–RE(homo) 
(Chapter 6), intermolecular BINOLate exchange was not observed for 4.1–Yb(het), which we 





Activation parameters for Li
+
 and BINOLate exchange processes were calculated from rates 









 and BINOLate exchange processes, and suggested similar mechanisms of 
exchange. 4.1–Yb(het) displayed less negative ΔS
‡
 values than 4.1–RE(homo), which offered 
additional support for our assignment of the exchange processes in 4.1–Yb(het) being 
intramolecular. 
With the intramolecular exchange processes identified in 4.1–Yb(het), we next examined the 
relevant intra and intermolecular exchange processes between 4.1–Yb(het) and 4.1–Yb(homo) 




Li-NMR EXSY experiments collected at 310 K (tmix = 10 ms) 
revealed the previously established intramolecular exchange processes, as well as additional 
intermolecular Li
+
 exchange processes (Table 4.2.2 and Figure 4.2.6). Exchange of LiA, LiB, and 
LiC occurred between the three possible sites, where the rate of intramolecular exchange was an 
order of magnitude faster than intermolecular exchange. Activation parameters were consistent 
with the expected intermolecular exchange, where more negative values of ΔS
‡
 were observed 
for exchange between 4.1–Yb(het) and 4.1–Yb(homo). As was the case in 4.1–Yb(het),  
 
Scheme 4.2.4. BINOLate and Li
+
 exchange processes observed for 4.1–Yb(het) / 4.1–Yb(homo) 




Li-NMR EXSY experiments. Bound 
solvents not shown.  Dashed lines indicate equilibria that were not directly observable by EXSY 
experiments, but are proposed to occur in analogy to the intermolecular self-exchange processes 




Figure 4.2.6. Representative 2D 
7
Li-NMR EXSY experiment of 4.1–Yb(het) / 4.1–Yb(homo)  
(9.64 mM / 32.7 mM; tmix = 15 ms, 300 K; 4.1–Yb = 77% ee) taken in THF–d8. 
 
Table 4.2.2. 2D 1H- and 
7
Li-NMR EXSY rate data and activation parameters for 4.1 –Yb(het) / 
4.1–Yb(homo) (9.64 mM / 32.7 mM; tmix(Li
+




































     
A  B 44.3 (34.0)
d
 12.0 –52.3 15.7 0.999 
B  A 92.8 (80.1)
d
 13.4 –25.3 15.2 0.991 
A  C 3.37 12.5 –66.8 17.3 0.988 
C  A 2.78 11.8 –76.8 17.3 0.975 
B  C 7.12 8.06 –120 16.6 0.986 
C  B 3.16 4.55 –175 17.0 0.948 
BINOLate      
A(1)  A(8) 77.4 (78.3)
d
 14.2 –17.7 15.4 0.999 
A(8)  A(1) 80.3 (79.5)
d
 14.9 –8.3 15.5 0.995 
a – At 310 K b – Determined using EXSYCalc
16











With the two established systems in hand we next attempted to quantify rates of Li
+
 and 
BINOLate exchange in 4.1–Ce(het) and 4.1–Ce(homo). Unfortunately, due to the much shorter 
relaxation rate of 4.1–Ce (het) both intramolecular and intermolecular BINOLate processes were 
not observable using 2D 
1
H-NMR EXSY. Similar to 4.1–Yb(het) and 4.1–Yb(homo), exchange of 
LiA, LiB, and LiC occurred between the three possible sites. Unfortunately, due to the rate of 
intramolecular exchange (LiA  LiB) occurring at a much faster rate than that of intermolecular 
exchange (LiA  LiC, LiB  LiC) a full quantitative treatment for the three-site exchange was not 
possible. In the few quantifiable rates of chemical exchange, intramolecular Li
+
 processes were 
demonstrated to occur much faster in 4.1–Ce(het) than in 4.1–Yb(het), where the rate of 
exchange for LiA  LiB at 300 K was ~115 s
-1






Scheme 4.2.5. Exchange processes between 4.1–Ce(het) and 4.1–Ce(homo) from 2D 1H and 
7
Li-NMR EXSY experiments for crystals of 4.1–Ce(het) dissolved in THF–d8. K = [4.1–Ce(homo)] 
/ [4.1–Ce(het)] = 0.17 (4.1–Ce = 0% ee). Dashed lines indicate equilibria that were not directly 
observable by EXSY experiments, but are proposed to occur in analogy to the intermolecular self-






Figure 4.2.7. 2D 
7
Li-NMR EXSY experiment of 4.1–Ce(het) / 4.1–Ce(homo)  ([Ce] = 24.4 mM; 
tmix = 10 ms, 315 K; 4.1–Ce = 0% ee) taken in THF–d8. 
  
  
Given the aforementioned difficulties in quantifying rates of intermolecular BINOLate exchange 
between 4.1–Ce(het) / 4.1–Ce(homo) using 2D 
1
H-NMR EXSY experiments, we were interested 
in establishing whether intermolecular BINOLate exchange occurred readily at room temperature. 
This was accomplished using 
7
Li-NMR spectroscopy to analyze the composition of various 
mixtures of 4.1–Ce(het) (rac, BINOL = 0% ee) and 4.1–Ce(homo) (SSS, BINOL = 100% ee). 
Upon mixing, immediate equilibration of the two species occurred. A non-linear increase in the 
content of 4.1–Ce(homo) was found with increasing optical purity of BINOL (Figure 4.2.8). This 
non-linear relationship was consistent with our observed K value (0.17) for 4.1–Ce(het) / 4.1–
Ce(homo) and the observed strong non-linear effects for 4.1–RE(het) in asymmetric catalysis. 




Li-NMR EXSY we have established that intramolecular 
and intermolecular exchange processes occurred readily for 4.1–RE(het) and mixtures of 4.1–
RE(het) / 4.1–RE(het). Activation parameters provided experimental support for the assignment 




Figure 4.2.8. Enantiomeric excess of 4.1 versus percent 4.1–Ce(homo) in solution (
7
Li-NMR 
integration). Line provided as a guide for the eye. 
 
BINOLate exchange was not possible using EXSY techniques; however, varying optical purities 
of 4.1–Ce by mixing 4.1–Ce(het) and 4.1–Ce(homo) revealed rapid rates of ligand redistribution. 
Furthermore, a non-linear relationship between the content of 4.1–Ce(homo) and optical purity of 
BINOL was observed consistent with the observed K value of 0.17 for 4.1–Ce(het) (Figure 4.2.8). 
4.2.3. Electrochemical and Chemical Oxidation Behavior of 4.1–Ce(het). 
After establishing that ligand exchange and redistribution occurred readily for 4.1–Ce(het), we 
investigated the electrochemical and chemical oxidation behavior of 4.1–Ce(het) to investigate 
the role of these processes on the oxidation chemistry of Ce
III
. 
Electrochemical Characterization of 4.1–Ce. 
  





 = 3,5-(CF3)2-C6H3) as supporting electrolyte (Figure 4.2.9). Cyclic 
voltammograms of 4.1–Ce(het) (Figure 4.2.9) revealed two irreversible metal oxidation events 
(Epa(1) and Epa(2)) followed by two clear return reduction waves (Epc(1) and Epc(2)), indicative of 




Figure 4.2.9. Cyclic voltammogram of 4.1–Ce(het) ([Ce] = ~1 mM; THF, [NPr4][BAr
F
] = 100 mM, 





Figure 4.2.10. Normalized cyclic voltammograms of 4.1–Ce at different values of optical purity 
(A) 0% ee (black trace) (B) 50% ee (green trace) (C) 100% ee (blue trace). Cyclic voltammetry 
performed in THF ([Ce] = ~1 mM; THF, [NPr4][BAr
F
] = 0.100 M, ν = 500 mV·s
-1
). Dashed lines 
provided as a guide for the eye to identify Epa and Epc.   
 









(V vs. Fc) 
Epc(1) 
4.1–Ce(het) 
(V vs. Fc) 
Epa(2) 
4.1–Ce(homo) 
(V vs. Fc) 
Epc(2) 
4.1–Ce(homo) 
(V vs. Fc) 
0 –0.860 –1.310 –0.585 –1.075 
50 –0.880 –1.360 –0.470 –1.110 
100 --- --- –0.430 –1.110 
a – ν = 500 mV·s
-1
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studies on solutions of crystals of 4.1–Ce(het), which indicated that both 4.1–Ce(het) and 4.1–
Ce(homo) were present in solution in a roughly 6:1 ratio (4.1–Ce = 0% ee).   Plots of current (I, 




) confirmed that the oxidation and 
reduction events were diffusion controlled (Figure 4.2.9, insets). Assignments of the waves, Ep(1) 
(4.1–Ce(het)) and Ep(2) (4.1–Ce(homo)), were accomplished by measuring solutions of 4.1–Ce 
at three different optical purities (0, 50, and 100% ee) and are displayed in Figure 4.2.10 and 
Table 4.2.3. 
The oxidation potential for 4.1–Ce(het) (Epa(1) = – 0.860 V vs Fc; 4.1–Ce = 0% ee)  was 275 
mV more accessible than 4.1–Ce(homo) (Ep(2) = –0.585 V; 4.1–Ce = 0% ee), and was 
consistent with the shorter Ce–OBINOLate distances observed in the solid state for 4.1–Ce(het) 
compared to 4.1–Ce(homo). Both metal-based redox features, Ep(1) and Ep(2), displayed 
complex scan-rate dependent behavior (Figure 4.2.9). Given the prevalence of ligand 
redistribution in these systems it is likely that these behaviors are due to chemical reactions such 
as ligand redistribution following electron transfer; however, the development of an appropriate 
model using electrochemical fitting software would be required to provide additional insight into 
these complex processes.  
Chemical Oxidation of 4.1–Ce(het) 
 
After establishing that 4.1–Ce(het) and 4.1–Ce(homo) undergo facile ligand redistribution and 
have different oxidation potentials associated with their oxidation, we set out to determine how 
these properties affected chemical oxidations of Ce
III
. Addition of 1 equiv trityl chloride to THF 
solutions of 4.1–Ce(het), resulted in an immediate color change from orange to dark purple, 








. Crystallization of the crude residue from concentrated THF solutions layered with pentane 
(1:4 v/v) led to the isolation of an analytically pure product in 97% yield. X-ray diffraction studies 
confirmed the identity of the oxidation product as [Li2(THF)4][(BINOLate)3Ce]·1/2Pentane (4.2–
Ce(het)), the product of salt-elimination (Figure 4.2.11). Ce–OBINOLate and Li–OBINOLate bond 








Figure 4.2.11. Thermal ellipsoid plot of 4.2–Ce(het) shown at 30% probability. The BINOLate 
ligands have been colored blue and yellow to indicate the SS/RR and R/S fragments respectively. 
One interstitial molecule of THF has been removed for clarity. Selected bond distances (Å): 
Ce(1)–O(1) 2.2685(17), Ce(1)–O(2) 2.1958(18), Ce(1)–O(3) 2.2709(18), Ce(1)–O(4) 2.2773(17), 
Ce(1)–O(5) 2.1755(18), Ce(1)–O(6) 2.2917(17), Li(1)–O(1) 1.921(5), Li(1)–O(3) 1.954(5), Li(2)–











  Formation of 4.2–Ce(het) was surprising, as previous  
oxidation studies of 4.1–Ce(homo) revealed an exclusive preference for oxidative 
functionalization, and salt-elimination was not observed. 
The disparate chemical oxidation outcomes observed for 4.1–Ce(het) and 4.1–Ce(homo) 
suggested that ligand redistribution led to different chemical oxidation outcomes. To further 
explore this possibility and establish how this might occur, rate studies were performed for 4.1–
Ce with varying optical purities under pseudo-first order conditions (Figure 4.2.12). Oxidation of 
4.1–Ce with trityl chloride was monitored by UV-Vis absorption spectroscopy following the growth 




Figure 4.2.12. Kinetic profile of 4.1–Ce(het) + Ph3Cl in THF under pseudo-first order conditions 
(10 equiv Ph3Cl; [4.1–Ce] = 1.26 mM) at different optical purities of 4.1–Ce. (A) 0% ee (black 
trace), (B) 20% ee (red trace), (C) 40% ee (blue trace), (D) 60% ee (orange trace), (E) 80% ee 
(green trace), and (F) 100 % ee (purple trace). Inset shows kobs versus the concentration 4.1–




Increased optical purity of 4.1–Ce resulted in increased rates of chemical oxidation (kobs), where 
a ~5 fold rate enhancement was observed by employing optically pure 4.1–Ce(homo) rather than  
racemic 4.1–Ce (3.37 versus 0.713 s
-1
). As established by 
7
Li-NMR spectroscopy, the optical 
purity of 4.1–Ce was related to the amount of 4.1–Ce(homo) observed in solution. kobs showed a 
roughly linear dependence on the concentration of 4.1–Ce(homo) in solution (Figure 4.2.12, 
inset), consistent with oxidation of Ce
III
 occurring at a much faster rate for 4.1–Ce(homo) than 
4.1–Ce(het). kobs did not follow the expected trends for an outer sphere mechanism, which would 
be expected to increase with the concentration 4.1–Ce(het) in solution as electron transfer was 
more favorable by 400 mV compared to 4.1–Ce(homo) (vide infra). 
Similar to our studies investigating the impact of M
+
 on the kinetics of chemical oxidation with 
trityl chloride,
7
 kobs for 4.1–Ce followed the ability of the RE cation to adopt a seven-coordinate 
geometry rather than the thermodynamics or kinetics associated with the outer sphere electron 
transfer process. The configuration of the RRS/SSR BINOLate fragments disfavor ligand 
reorganization in 4.1–Ce(het) to adopt a seven-coordinate geometry, which resulted in a much 
slower rate for the chemical oxidation of 4.1–Ce(het) compared to 4.1–Ce(homo). The roughly 
linear relationship between kobs and the concentration of 4.1–Ce(homo) support these 
conclusions, and implied that chemical oxidation proceeded through 4.1–Ce(homo) as a key 
intermediate. This would require that BINOLate ligand exchange between 4.1–Ce(het) and 4.1–
Ce(homo) occurred at a much faster rate than chemical oxidation of 4.1–Ce(homo). 
If chemical oxidation of 4.1–Ce proceeded through 4.1–Ce(homo) the generation of the 
transient encounter complex, B, would occur from coordinatively unsaturated intermediates 4.1–
Ce(homo)ʹ and A (Scheme 4.2.7). As a consequence, oxidation of B would result in the 
formation of the oxidative functionalization product, [Li3(THF)5][(BINOLate)3Ce–Cl] (4.2–Ce-
Cl(homo)); however, elimination of LiCl from 4.2–Ce-Cl(homo) synthesized from (S)-BINOL has 
not been observed.
7
  This suggests that a ligand redistribution step leads to the key irreversible 
step of eliminating LiCl to form the observed product, 4.2–Ce(het).  
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To test the feasibility of this step, both the SSS and RRR enantiomers of 4.2–Ce-Cl(homo) 
were synthesized and then mixed in equimolar quantities in THF–d8 (Figure 4.2.13). Immediate 




Li-NMR spectra matched those of 4.2–
Ce(het) in the presence of LiCl (Figure 4.2.13). Given these observations, we propose that 
intermolecular BINOLate ligand redistribution of 4.2–Ce-Cl(homo) would generate 4.2–Ce-
Cl(het), species B. As the larger 4.1–Ce(het) only adopts a six-coordinate geometry, it is likely 
that the Cl ligand would be dissociated as an outer sphere counterion for the smaller Ce
IV
 ion in 
4.2–Ce-Cl(het). Salt-elimination could then readily occur, producing 4.2–Ce(het). The 





, have similar ionic radii to Ce
IV
 (0.900 and 0.870 versus 0.868 Å 
respectively),
5





H-NMR(400 MHz, THF–d8) spectra of (A) 4.2–Ce-Cl(homo); RRR enantiomer, 
(B) 4.2–Ce-Cl(homo); RRR (19.3 mM) + SSS (21.2 mM), (C) 4.2–Ce(het), and (D) 4.2–Ce(het) + 










In summary, we have established that both ligand reorganization and redistribution processes 
play an important role in the observed oxidation chemistry of Ce
III
. Investigation of the exchange 
processes between  4.1–RE(het) and 4.1–RE(homo) allowed for the determination of rates and 
activation parameters in several instances for intra- and inter-molecular BINOLate and Li
+
 
exchange processes. BINOLate and Li
+
 exchange occurred readily in these systems, and allowed 
for an investigation of the electrochemical and chemical oxidation behaviors. 
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Electrochemical studies indicated that the Ce
III/IV
 redox couple for 4.1–Ce(het) was more 
accessible than 4.1–Ce(homo)  by ~250 mV. Despite the increased driving force, chemical 
oxidations using trityl chloride revealed that kobs displayed a linear dependence on the 
concentration of 4.1–Ce(homo) in solution. Similar to our previous studies on ligand 
reorganization, the oxidation occurred through the most accessible Ce
III
 ion and not the one with 
the most accessible Ce
III/IV
 couple. 
Ligand exchange and redistribution processes are directly related to product selectivity. Even 
though ligand reorganization facilitates rapid oxidation of 4.1–Ce(homo) producing the oxidative 
functionalization product, 4.2–Ce-Cl(homo),  subsequent ligand redistribution processes resulted 
in the exclusive formation of the salt-eliminated product. Our conclusions should be general for 
many ligand frameworks, as BINOLate has a relatively low denticity for a supporting ligand in RE 
chemistry, and has only moderate steric bulk. 
Our studies suggest that control of ligand redistribution should lead to control of product 
outcomes of Ce
III
 oxidation reactions. One method to achieve this would be to kinetically prevent 
ligand redistribution processes; however, this is not trivial as most RE ligand frameworks show a 
high degree of kinetic lability due to the ionic nature of the metal ligand bond. An alternative 
strategy, would be to look to the coordination chemistry of the late REs, in particular Yb
III
, as 
models for favorable Ce
IV
 coordination geometries. With this strategy, unpredicted ligand 
redistribution events should be minimized, as the coordination preferences have already been 
established with a similarly sized-ion. Heterobimetallic complexes should be useful in the latter 
option, as salt-elimination can provide additional driving force for product formation and  “-ate” 
complex formation readily occurs for a number of ligand frameworks. 
4.4 Experimental Procedures 
General Methods. For all reactions and manipulations performed under an inert atmosphere 
(N2), standard Schlenk techniques or a Vacuum Atmospheres, Inc. Nexus II drybox equipped with 
a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system were used. Glassware was oven-
dried overnight at 150 °C prior to use. 
1
H-NMR spectra were obtained on a Brüker AM-500, 
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H}-NMR were recorded on a Brüker AM-500 or a Brüker DMX-300 




H}-NMR were recorded 
on a Brüker UNI-400 Fourier transform NMR spectrometer at 155 MHz.  All spectra were 
measured at 300 K unless otherwise specified. Chemical shifts were recorded in units of parts per 
million downfield from residual proteo solvent peaks (
1







Li spectra were referenced to external solution standards of LiCl in H2O (at zero 
ppm). All coupling constants are reported in hertz. The infrared spectra were obtained from 400-
4000 cm
–1
 using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were 
performed at the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer 
Series II 2400 CHNS analyzer. 
Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Deuterated tetrahydrofuran and pyridine were purchased 
from Cambridge Isotope Laboratories, Inc. Deuterated tetrahydrofuran was stored for at least 12 
h over potassium mirror, whereas pyridine were stored over 4 Å molecular sieves prior to use. 
Li[N(SiMe3)2] was purchased from Sigma Aldrich and was recrystallized from hot pentane prior to 
use. (S)-BINOL and CeCl3 (>99.9% purity) were purchased from AKScientific and Strem, 
respectively, and used without additional purification. Trityl chloride was purchased from Acros 







 were prepared according to literature 
procedures. 






Li-NMR EXSY experiments were performed on a Brüker UNI-400 Fourier 
transform NMR spectrometer at 400 and 155 MHz respectively using THF–d8 as a solvent 
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(sample concentrations listed below) and a conventional NOESY sequence. Number of data 
points and scans for the 2D-EXSY experiments are listed in the Table 4.4.X. 




Li-NMR EXSY experiments. 
Sample 









4.1–Yb(het) 2048 / 1024 310 / 310 8 8 
4.1–Yb(het) / 4.1–Yb(homo) 2048 / 1024 2048 / 512 8 8 
4.1–Ce(het) 2048 / 1024 1024 / 512 8 32 
 
Several tmix were used for EXSY experiments performed at 300 K to determine the optimal value 
for each relevant exchange pathway. In addition to the values of tmix listed, a reference was 
always recorded at tmix = 0 ms for every temperature measured. Pseudo-first order rate contants 
(k, s
-1
) were calculated using EXSYCalc 1.0 (Mestrelab Research)
16
 from volume intensities 
obtained from the 2D spectra. Activation parameters were determined using Eyring plots 
generated from rate data obtained at several temperatures. 
UV-Vis Absorption Spectroscopy and Kinetics. All UV-Vis Absorption measurements  and 
pseudo-first order kinetics studies were performed using a Perkin Elmer 950 UV-Vis/NIR 
spectrophotometer. 1 mm pathlength screw cap quartz cells were used with a blank measured 
before each run. All samples were prepared under an N2 atmosphere (see General Experimental 
above). Pseudo-first order kinetics studies for 4.1–Ce were observed to 3 t1/2 at 487 nm.  All 
pseudo-first order kinetics measurements gave fits (R
2
) ≥ 0.999 following a first order integrated 
rate law.  
Note: Our proposed mechanism implies the formation of 4.2–Ce-Cl(homo) as an intermediate to 
the formation of 4.2–Ce(het). Although ε values for these two compounds are fairly similar at 487 









4.2–Ce-Cl(homo) were to build up during the rate studies an underestimation of kobs would occur. 
In the worst case scenario, which assumes that all of the Ce
IV
 species in solution corresponded to 




Voltammetry experiments were performed using a CH Instruments 620D Electrochemical 
Analyzer/Workstation and the data were processed using CHI software v 9.24. All experiments 
were performed in an N2 atmosphere drybox using electrochemical cells that consisted of a 4 mL 
vial, glassy carbon (3 mm diameter) working electrode, a platinum wire counter electrode, and a 
silver wire plated with AgCl as a quasi-reference electrode. The working electrode surfaces were 
polished prior to each set of experiments, and were periodically replaced on scanning > 0 V 
versus ferrocene (Fc) to prevent the buildup of oxidized product on the electrode surfaces. 







4]). Potentials were reported versus Fc, which was added as an 
internal standard for calibration at the end of each run. All data were collected in a positive-
feedback IR compensation mode. The cell resistances measured with THF as a solvent were ≤ 
500 Ω. Scan rate dependences of 25–1000 mV/s were performed to determine electrochemical 
reversibility. 
Synthetic Details and Characterization 
Synthesis of 4.1–Ce(het)  A 20 mL scintillation vial was charged with Ce[N(SiMe3)2]3 (455.1 mg, 
0.732 mmol; FW: 621.27), THF (6 mL), and a Teflon-coated stir bar. (S)–BINOL (629.9 mg, 2.20 
mmol, 3 equiv, FW: 286.32) was added as a solid to the clear light-yellow solution, which resulted 
in a light yellow precipitate/slurry. LiN(SiMe3)2 (367.4 mg, 2.20 mmol, 3 equiv; FW: 167.32) was 
added as a solid, resulting in an immediate color change to orange and dissolution of precipitate. 
The reaction was stirred for an additional two hours and then filtered through a Celite-packed 
coarse porosity fritted filter. Bright yellow-orange crystals were grown from layering concentrated 
THF solutions of 4.1–Ce(het) with hexanes (1:5 v/v) and allowing the vial(s) to sit undisturbed for 
12 – 36 h at –30 °C. The crystals were isolated by vacuum filtration over a medium porosity fritted 
filter and dried for 3 h under reduced pressure. 781.4 mg (0.540 mmol, 74% yield; FW: 1446.52). 
Anal. Calcd for C84H84O12Li3Ce: C, 69.75; H, 5.85. Found: C, 69.30; H, 5.32. Bright yellow X-ray 
quality single crystals were obtained by layering concentrated solutions of 4.1–Ce(het) with 
hexanes (1:5 v/v) at –30 °C. 
1
H-NMR (500 MHz, THF–d8) δ 15.17 (s, 2H; het), 10.14 (s, 2H; het),  
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9.98 (d, J = 8.2 Hz, 6H; homo), 8.77 (s, 2H; het),  8.62 (t, J = 10.5 Hz, 9H; het), 8.07 (t, J = 7.7 
Hz, 6H; homo)  7.52 (d, J = 7.8 Hz, 6H; homo), 7.45 (t, J = 7.5 Hz, 6H; homo), 7.11 (s, 2H; het), 
6.82 (s, 2H; het), 5.59 (s, 6H; homo), 5.50 (s, 2H; het), 5.32 (s, 2H; het), 4.19 (s, 4H; het), 2.23 (s, 
4H; het),  –1.87 (s, 6H; homo), –3.38 (s, 2H; het), –7.83 (s, 2H; het), –11.58 (s, 2H; het). 
7
Li-NMR 




H}-NMR (500 MHz, 
THF–d8) δ 193.3 (het), 171.0 (homo), 151.4 (het), 148.0 (het), 140.0 (homo), 135.3 (het), 134.7 
(het), 130.7 (homo), 130.3 (homo), 130.1 (homo), 128.5 (2C het + homo), 126.1 (homo), 125.8 
(homo), 125.2 (het), 124.9 (homo), 123.6 (het), 121.7 (homo). Note: Nine of the possible 30 
13
C 
resonances were observed for 4.1–Ce(het), which we attribute to peak overlap (accidental 




H-NMR (400 MHz, Pyr–d5) 10.09 (d, J = 8.3 Hz, 6H; homo), 8.06 (t, J = 7.5 Hz, 6H; homo), 7.80 
(d, J = 7.8 Hz, 6H; homo), 7.58 (m, 6H; homo), 6.50 (d, J = 6.4 Hz, 6H; homo), 3.86 (s, 6H; 
homo). 
7
Li-NMR (155 MHz, THF–d8) δ 23.1. IR (Nujol, cm
-1
) ν: 2953, 2924, 2855, 1613, 1588, 
1554, 1498, 1462, 1422, 1376, 1366, 1340, 1273, 1246, 1238, 1209, 1179, 1139, 1125, 1071, 
1045, 993, 959, 937, 891, 860, 823, 774, 743, 691, 666, 632, 592, 575, 533, 522, 498, 477, 421.  
Synthesis of 4.2–Ce(het)·0.5C5H12. A 20 mL scintillation vial was charged with 4.1–Ce(het) 
(250.0 mg, 0.173 mmol, FW: 1446.52 g·mol
-1
), THF (5 mL), and a Teflon-coated stir bar. Trityl 
chloride (48.2 mg, 0.173 mmol, 1 equiv; FW: 278.78 g·mol
-1
) was added as a solid to the stirred 
THF solution. Upon addition of trityl chloride, the solution instantly changed from pale yellow to 
dark purple. The reaction was stirred at room temperature for 1 h, filtered through a Celite-packed 
coarse porosity fritted filter, and the solvent was removed from the filtrate under reduced pressure 
to yield a purple residue. The purple residue was then extracted with toluene (8 mL). The dark 
purple solution was filtered through a Celite-packed coarse porosity fritted filter, and the solvent 
was removed from the filtrate under reduced pressure. Dark purple crystals were grown from 
layering concentrated THF solutions of 4.2–Ce(het)·0.5C5H12 with pentane (1:5 v/v) and allowing 
the vial(s) to sit undisturbed for 12 h at RT. The crystals were isolated by vacuum filtration over a 
medium porosity fritted filter and dried for 3 h under reduced pressure. 224.0 mg (0.168 mmol, 
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97% yield; FW: 1331.44 g·mol
-1
) Anal. Calcd for C78.5H74O10Li3Ce: C, 70.47; H, 5.29. Found: C, 
70.82; H, 5.60. 
1
H-NMR (500 MHz, THF–d8) δ 7.83 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.1 Hz, 2H), 
7.57 (d, J = 8.1 Hz, 1H), 7.50 (t, J = 8.3 Hz, 6H), 7.21 (d, J = 8.7 Hz, 1H), 7.05 – 6.75 (m, 23 H), 
6.61 (d, J = 8.7 Hz, 1H). 
7




H}-NMR (500 MHz, THF–d8) δ 
161.9, 161.5, 135.7, 135.4, 130.4, 130.2, 130.1, 128.8, 128.5, 128.2, 128.2, 128.0, 127.6, 127.5, 
127.5, 125.4, 125.3, 125.1, 125.0, 124.7, 122.3, 122.3, 119.7, 119.0.  Note: 22 of the possible 30 
13
C resonances were observed for 4.2–Ce(het)·0.5C5H12, which we attribute to peak overlap 
(accidental equivalence). IR (KBr, cm
-1
) ν: 3052, 3033, 2976, 2954, 885, 2873, 1615, 1589, 1559, 
1501, 1460 , 1424, 1365, 1352, 1333, 1271, 1240, 1145, 1071, 1046, 992, 954, 912, 893, 858, 
818, 744, 689, 665, 590, 573, 541, 499, 479. Dark purple X-ray quality single crystals were grown 







































































C HSQC-NMR spectrum (500 MHz, THF–d8) of 4.1–Ce(het) (4.1–Ce = 0% 



















Li-NMR(155 MHz, THF–d8) of 4.2–Ce(het). 
 
 
Figure 4.4.8. Cyclic voltammogram for [Li2(THF)4][BINOLate)3Ce] (4.2–Ce(het)) (4.2–Ce = 0% 





Figure 4.4.9 Eyring plots (top = A(1)   A(8), bottom A(8)  A(1)) obtained from 2D-EXSY 1H-






Figure 4.4.10. Eyring plots (top = LiA   LiB, bottom LiB  LiA) obtained from 2D-EXSY 
7
Li-NMR 
experiments of 4.1–Yb(het) (19.3 mM ) taken at 300, 310, 320, and 330 K (tmix = 5 ms).  
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Figure 4.4.11. Electronic Absorption Spectra of 4.1–Ce(het) (black trace) and 4.2–Ce(het) 








) λ (nm) 1/λ (cm
-1
) 
π - π* 3.53E+05 245 4.08E+04 
π - π* 6.16E+04 285 3.51E+04 






) λ (nm) 1/λ (cm
-1
) 
π - π* 2.64E+05 2.37E+02 4.22E+04 
π - π* 5.38E+04 2.74E+02 3.65E+04 
π - π* 3.35E+04 3.36E+02 2.98E+04 
LMCT 8.69E+03 4.85E+02 2.06E+04 
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X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1)K. In all cases, rotation frames were integrated using SAINT,
20





) values which were then passed to the SHELXTL
21
 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 





The structures were solved by direct methods (SHELXS-97).
24
 Refinement was by full-matrix 




 All reflections were used during refinements. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. Crystallographic data and structure refinement information are summarized in Table 4.4.2. 
The crystallographically determined bond lengths and angles for 4.1–Ce (Penn4073) and 4.2–Ce 
(Penn4051) are displayed in Tables 4.4.3 – 4.4.7. 
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Table 4.4.2. Crystallographic parameters for compounds 4.1–Ce and 4.2–Ce.  
 4.1–Ce (Penn4073) 4.2–Ce (Penn4051) 
Empirical formula C97H112O14Li3Ce C80H76O11Li2Ce 
Formula weight 1662.81 1367.41 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system triclinic monoclinic 
Space group P   P21/c 
Cell constants   
a (Å) 15.6917(12) 15.7715(13) 
b (Å) 16.7884(6) 12.9851(11) 
c (Å) 18.8233(7) 32.521(3) 
α (
o
) 111.706(2) 90 
β (
o
) 103.016(2) 97.852(5) 
γ (
o
) 97.558(3) 90 
V (Å
3
) 4360.6(4) 6597.7(10) 
Z 2 4 
ρcalc (mg/cm
3
) 1.266 1.377 
µ (Mo Kα) (mm
–1
) 0.585 0.754 
F(000) 1746 2832 
Crystal size (mm
3
) 0.35 x 0.25 x 0.08 0.36 x 0.12 x 0.10 
Theta range for data collection 1.54 to 27.53° 1.69 to 27.52° 
Index ranges 
-20 ≤ h ≤ 20, -21 ≤ k ≤ 21, -24 ≤ 
l ≤ 24 
-20 ≤ h ≤ 20, -16 ≤ k ≤ 16, -42 ≤ 
l ≤ 42 
Reflections collected 123592 152011 
Independent collections 19902 [R(int) = 0.0247] 15194 [R(int) = 0.0405] 
Completeness to theta = 27.52
o
 99.00% 99.90% 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.7076 0.7456 and 0.6698 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 19902 / 30 / 1046 15194 / 0 / 822 
Goodness–of–fit on F
2
 1.046 1.086 
Final R indices [I>2sigma(I)] R1 = 0.0377, wR2 = 0.0990 R1 = 0.0366, wR2 = 0.0912 
R indices (all data) R1 = 0.0463, wR2 = 0.1074 R1 = 0.0475, wR2 = 0.1000 




1.202 and -0.757 1.692 and -0.769 
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 Table 4.4.3. Bond lengths for compound 4.1–Ce (Å). 
Ce1-O5  2.3743(16) Ce1-O3  2.3900(17) Ce1-O1  2.3908(16) 
Ce1-O6  2.3909(17) Ce1-O2  2.3924(16) Ce1-O4  2.3947(16) 
Ce1-C20  2.987(2) Ce1-C21  3.020(2) Ce1-Li1  3.270(4) 
Ce1-Li2  3.290(4) Ce1-Li3  3.293(4) O1-C1  1.331(3) 
O1-Li3  1.946(4) O2-C20  1.331(3) O2-Li1  1.888(5) 
O3-C21  1.336(3) O3-Li1  1.922(4) O4-C40  1.328(3) 
O4-Li2  1.927(5) O5-C41  1.334(3) O5-Li3  1.955(4) 
O6-C60  1.335(3) O6-Li2  1.899(5) O7-C61  1.420(3) 
O7-C64  1.431(4) O7-Li1  1.962(5) O8-C65  1.411(4) 
O8-C68  1.453(4) O8-Li1  1.957(5) O9-C69  1.417(4) 
O9-C72  1.433(4) O9-Li2  1.969(5) O10-C73  1.400(4) 
O10-C76  1.425(4) O10-Li2  1.952(5) O11-C77  1.440(3) 
O11-C80  1.444(3) O11-Li3  1.947(4) O12-C84  1.424(4) 
O12-C81  1.437(3) O12-Li3  1.991(5) C1-C10  1.396(3) 
C1-C2  1.428(3) C2-C3  1.358(4) C3-C4  1.412(4) 
C4-C5  1.416(4) C4-C9  1.424(3) C5-C6  1.368(4) 
C6-C7  1.396(4) C7-C8  1.370(4) C8-C9  1.419(3) 
C9-C10  1.428(3) C10-C11  1.496(3) C11-C20  1.394(3) 
C11-C12  1.432(3) C12-C13  1.423(3) C12-C17  1.427(3) 
C13-C14  1.369(4) C14-C15  1.406(4) C15-C16  1.359(4) 
C16-C17  1.414(3) C17-C18  1.411(4) C18-C19  1.361(4) 
C19-C20  1.426(3) C21-C30  1.394(3) C21-C22  1.426(3) 
C22-C23  1.363(3) C23-C24  1.415(3) C24-C25  1.417(3) 
C24-C29  1.425(3) C25-C26  1.363(4) C26-C27  1.409(4) 
C27-C28  1.370(3) C28-C29  1.425(3) C29-C30  1.429(3) 
C30-C31  1.491(3) C31-C40  1.395(3) C31-C32  1.426(3) 
C32-C33  1.420(3) C32-C37  1.425(3) C33-C34  1.370(3) 
C34-C35  1.409(4) C35-C36  1.362(4) C36-C37  1.417(3) 
C37-C38  1.415(4) C38-C39  1.359(4) C39-C40  1.428(3) 
C41-C50  1.392(3) C41-C42  1.426(3) C42-C43  1.362(3) 
C43-C44  1.414(4) C44-C49  1.423(3) C44-C45  1.427(3) 
C45-C46  1.365(4) C46-C47  1.397(4) C47-C48  1.373(4) 
C48-C49  1.423(3) C49-C50  1.429(3) C50-C51  1.490(3) 
C51-C60  1.397(3) C51-C52  1.430(3) C52-C53  1.423(3) 
C52-C57  1.427(4) C53-C54  1.368(4) C54-C55  1.406(4) 
C55-C56  1.361(4) C56-C57  1.419(4) C57-C58  1.413(4) 
C58-C59  1.362(4) C59-C60  1.425(3) C61-C62  1.489(6) 
C62-C63  1.468(7) C63-C64  1.476(6) C65-C66  1.513(7) 
C65-C66'  1.536(12) C66-C67  1.536(9) C66'-C67  1.432(13) 
C67-C68  1.505(6) C69-C70  1.509(4) C70-C71  1.494(6) 
C71-C72  1.456(7) C73-C74  1.513(4) C74-C75  1.508(5) 
C75-C76  1.404(6) C77-C78  1.506(4) C78-C79  1.511(4) 
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C79-C80  1.518(4) C81-C82  1.490(5) C82-C83  1.497(6) 
C83-C84  1.521(4) O13-C88  1.383(5) O13-C85  1.389(5) 
C85-C86  1.459(6) C86-C87  1.491(6) C87-C88  1.472(6) 
O14-C89  1.425(10) O14-C92  1.447(11) C89-C90  1.491(8) 
C90-C91  1.429(10) C91-C92  1.480(11) C93-C94  1.593(11) 
C94-C95  1.389(10) C95-C96  1.523(9) C96-C97  1.638(11) 
 
Table 4.4.4 Bond angles for compound 4.1–Ce (
o
). 
O5-Ce1-O3 110.55(6) O5-Ce1-O1 71.21(5) O3-Ce1-O1 97.83(5) 
O5-Ce1-O6 78.71(5) O3-Ce1-O6 150.93(5) O1-Ce1-O6 111.20(6) 
O5-Ce1-O2 151.64(6) O3-Ce1-O2 70.38(5) O1-Ce1-O2 80.53(5) 
O6-Ce1-O2 114.86(6) O5-Ce1-O4 118.45(6) O3-Ce1-O4 81.70(5) 
O1-Ce1-O4 169.94(5) O6-Ce1-O4 70.01(5) O2-Ce1-O4 89.89(6) 
O5-Ce1-C20 136.98(6) O3-Ce1-C20 95.76(6) O1-Ce1-C20 71.98(6) 
O6-Ce1-C20 94.70(6) O2-Ce1-C20 25.75(6) O4-Ce1-C20 98.03(6) 
O5-Ce1-C21 94.69(6) O3-Ce1-C21 25.34(5) O1-Ce1-C21 112.14(6) 
O6-Ce1-C21 131.05(6) O2-Ce1-C21 93.75(6) O4-Ce1-C21 71.33(6) 
C20-Ce1-C21 119.50(6) O5-Ce1-Li1 139.41(9) O3-Ce1-Li1 35.60(8) 
O1-Ce1-Li1 89.24(9) O6-Ce1-Li1 141.83(9) O2-Ce1-Li1 34.78(8) 
O4-Ce1-Li1 84.57(9) C20-Ce1-Li1 60.30(9) C21-Ce1-Li1 59.47(9) 
O5-Ce1-Li2 98.32(10) O3-Ce1-Li2 116.58(9) O1-Ce1-Li2 145.38(9) 
O6-Ce1-Li2 34.68(9) O2-Ce1-Li2 106.46(10) O4-Ce1-Li2 35.40(9) 
C20-Ce1-Li2 99.40(10) C21-Ce1-Li2 101.35(9) Li1-Ce1-Li2 116.14(12) 
O5-Ce1-Li3 35.94(8) O3-Ce1-Li3 111.88(8) O1-Ce1-Li3 35.78(8) 
O6-Ce1-Li3 91.90(8) O2-Ce1-Li3 116.14(8) O4-Ce1-Li3 153.19(8) 
C20-Ce1-Li3 103.19(8) C21-Ce1-Li3 110.78(8) Li1-Ce1-Li3 120.22(11) 
Li2-Ce1-Li3 123.38(11) C1-O1-Li3 130.21(19) C1-O1-Ce1 129.97(13) 
Li3-O1-Ce1 98.31(14) C20-O2-Li1 156.2(2) C20-O2-Ce1 102.92(13) 
Li1-O2-Ce1 98.94(14) C21-O3-Li1 146.8(2) C21-O3-Ce1 104.73(13) 
Li1-O3-Ce1 98.03(14) C40-O4-Li2 133.0(2) C40-O4-Ce1 125.74(14) 
Li2-O4-Ce1 98.58(15) C41-O5-Li3 134.78(19) C41-O5-Ce1 119.92(13) 
Li3-O5-Ce1 98.60(14) C60-O6-Li2 142.8(2) C60-O6-Ce1 117.03(13) 
Li2-O6-Ce1 99.55(15) C61-O7-C64 108.5(2) C61-O7-Li1 128.0(2) 
C64-O7-Li1 122.1(2) C65-O8-C68 110.0(3) C65-O8-Li1 121.4(2) 
C68-O8-Li1 128.1(2) C69-O9-C72 107.6(3) C69-O9-Li2 116.0(2) 
C72-O9-Li2 128.0(3) C73-O10-C76 107.0(3) C73-O10-Li2 126.2(2) 
C76-O10-Li2 126.4(3) C77-O11-C80 109.9(2) C77-O11-Li3 119.73(19) 
C80-O11-Li3 130.0(2) C84-O12-C81 109.3(2) C84-O12-Li3 116.4(2) 
C81-O12-Li3 118.1(2) O1-C1-C10 122.8(2) O1-C1-C2 118.6(2) 
C10-C1-C2 118.6(2) C3-C2-C1 121.7(2) C2-C3-C4 121.0(2) 
C3-C4-C5 122.4(2) C3-C4-C9 118.5(2) C5-C4-C9 119.1(2) 
C6-C5-C4 121.2(3) C5-C6-C7 119.9(3) C8-C7-C6 120.7(3) 
C7-C8-C9 121.3(2) C8-C9-C4 117.9(2) C8-C9-C10 122.1(2) 
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C4-C9-C10 120.0(2) C1-C10-C9 119.7(2) C1-C10-C11 120.2(2) 
C9-C10-C11 120.1(2) C20-C11-C12 119.3(2) C20-C11-C10 120.11(19) 
C12-C11-C10 120.5(2) C13-C12-C17 117.5(2) C13-C12-C11 122.6(2) 
C17-C12-C11 119.9(2) C14-C13-C12 121.3(2) C13-C14-C15 120.5(3) 
C16-C15-C14 119.7(2) C15-C16-C17 121.6(2) C18-C17-C16 121.7(2) 
C18-C17-C12 119.0(2) C16-C17-C12 119.2(2) C19-C18-C17 120.8(2) 
C18-C19-C20 121.4(2) O2-C20-C11 121.5(2) O2-C20-C19 118.7(2) 
C11-C20-C19 119.6(2) O2-C20-Ce1 51.33(10) C11-C20-Ce1 108.89(14) 
C19-C20-Ce1 104.89(15) O3-C21-C30 122.01(19) O3-C21-C22 118.7(2) 
C30-C21-C22 119.2(2) O3-C21-Ce1 49.93(10) C30-C21-Ce1 107.96(14) 
C22-C21-Ce1 108.18(14) C23-C22-C21 121.5(2) C22-C23-C24 121.0(2) 
C23-C24-C25 122.1(2) C23-C24-C29 118.4(2) C25-C24-C29 119.5(2) 
C26-C25-C24 121.1(2) C25-C26-C27 120.0(2) C28-C27-C26 120.5(2) 
C27-C28-C29 121.2(2) C28-C29-C24 117.7(2) C28-C29-C30 121.9(2) 
C24-C29-C30 120.3(2) C21-C30-C29 119.6(2) C21-C30-C31 119.83(19) 
C29-C30-C31 120.59(19) C40-C31-C32 119.7(2) C40-C31-C30 119.82(19) 
C32-C31-C30 120.52(19) C33-C32-C37 117.5(2) C33-C32-C31 122.3(2) 
C37-C32-C31 120.2(2) C34-C33-C32 121.3(2) C33-C34-C35 120.9(2) 
C36-C35-C34 119.2(2) C35-C36-C37 121.6(2) C38-C37-C36 122.0(2) 
C38-C37-C32 118.6(2) C36-C37-C32 119.4(2) C39-C38-C37 120.9(2) 
C38-C39-C40 121.6(2) O4-C40-C31 122.2(2) O4-C40-C39 118.7(2) 
C31-C40-C39 119.1(2) O5-C41-C50 122.3(2) O5-C41-C42 118.4(2) 
C50-C41-C42 119.3(2) C43-C42-C41 121.5(2) C42-C43-C44 120.8(2) 
C43-C44-C49 118.6(2) C43-C44-C45 121.9(2) C49-C44-C45 119.5(2) 
C46-C45-C44 121.0(3) C45-C46-C47 119.8(2) C48-C47-C46 121.1(3) 
C47-C48-C49 121.2(3) C44-C49-C48 117.5(2) C44-C49-C50 120.2(2) 
C48-C49-C50 122.3(2) C41-C50-C49 119.5(2) C41-C50-C51 119.3(2) 
C49-C50-C51 121.2(2) C60-C51-C52 119.1(2) C60-C51-C50 119.5(2) 
C52-C51-C50 121.4(2) C53-C52-C57 117.5(2) C53-C52-C51 122.1(2) 
C57-C52-C51 120.4(2) C54-C53-C52 121.3(2) C53-C54-C55 120.9(3) 
C56-C55-C54 119.6(3) C55-C56-C57 121.4(3) C58-C57-C56 122.0(3) 
C58-C57-C52 118.6(2) C56-C57-C52 119.3(2) C59-C58-C57 120.7(2) 
C58-C59-C60 121.7(2) O6-C60-C51 122.3(2) O6-C60-C59 118.2(2) 
C51-C60-C59 119.4(2) O7-C61-C62 105.2(3) C63-C62-C61 104.4(4) 
C62-C63-C64 107.8(4) O7-C64-C63 105.5(3) O8-C65-C66 107.4(4) 
O8-C65-C66' 102.4(7) C66-C65-C66' 40.0(6) C65-C66-C67 101.1(5) 
C67-C66'-C65 104.9(7) C66'-C67-C68 103.6(6) C66'-C67-C66 41.0(7) 
C68-C67-C66 104.7(4) O8-C68-C67 106.0(4) O9-C69-C70 106.9(3) 
C71-C70-C69 105.5(3) C72-C71-C70 105.9(3) O9-C72-C71 107.8(3) 
O10-C73-C74 107.3(2) C75-C74-C73 103.5(3) C76-C75-C74 105.9(3) 
C75-C76-O10 107.9(3) O11-C77-C78 106.6(2) C77-C78-C79 102.4(2) 
C78-C79-C80 104.0(2) O11-C80-C79 105.5(2) O12-C81-C82 106.5(3) 
C81-C82-C83 102.8(3) C82-C83-C84 102.3(3) O12-C84-C83 106.0(3) 
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O2-Li1-O3 92.65(19) O2-Li1-O8 103.9(2) O3-Li1-O8 138.3(3) 
O2-Li1-O7 125.2(3) O3-Li1-O7 103.7(2) O8-Li1-O7 97.4(2) 
O2-Li1-Ce1 46.28(10) O3-Li1-Ce1 46.37(10) O8-Li1-Ce1 135.2(2) 
O7-Li1-Ce1 126.6(2) O6-Li2-O4 91.7(2) O6-Li2-O10 113.3(2) 
O4-Li2-O10 122.5(3) O6-Li2-O9 124.9(3) O4-Li2-O9 105.3(2) 
O10-Li2-O9 100.7(2) O6-Li2-Ce1 45.77(11) O4-Li2-Ce1 46.02(11) 
O10-Li2-Ce1 134.5(2) O9-Li2-Ce1 124.6(2) O1-Li3-O11 100.9(2) 
O1-Li3-O5 90.67(18) O11-Li3-O5 137.8(2) O1-Li3-O12 127.1(2) 
O11-Li3-O12 103.3(2) O5-Li3-O12 101.3(2) O1-Li3-Ce1 45.91(10) 
O11-Li3-Ce1 125.97(18) O5-Li3-Ce1 45.47(10) O12-Li3-Ce1 130.58(18) 
C88-O13-C85 109.8(3) O13-C85-C86 108.3(4) C85-C86-C87 106.0(4) 
C88-C87-C86 103.2(4) O13-C88-C87 108.4(4) C89-O14-C92 97.1(7) 
O14-C89-C90 106.1(7) C91-C90-C89 107.8(7) C90-C91-C92 99.9(9) 
O14-C92-C91 107.9(9) C95-C94-C93 116.0(8) C94-C95-C96 121.4(8) 
C95-C96-C97 119.2(7)     
 
Table 4.4.5. Bond lengths for compound 4.2–Ce (Å). 
Ce1-O5  2.1755(18) Ce1-O2  2.1958(18) Ce1-O1  2.2685(17) 
Ce1-O3  2.2709(18) Ce1-O4  2.2773(17) Ce1-O6  2.2917(17) 
Ce1-C1  2.921(2) Ce1-C60  3.004(2) Ce1-Li2  3.204(4) 
Ce1-Li1  3.231(4) O1-C1  1.351(3) O1-Li1  1.921(5) 
O2-C20  1.338(3) O3-C21  1.351(3) O3-Li1  1.954(5) 
O4-C40  1.349(3) O4-Li2  1.960(5) O5-C41  1.339(3) 
O6-C60  1.349(3) O6-Li2  1.913(5) O7-C64  1.414(4) 
O7-C61  1.437(4) O7-Li1  1.919(5) O8-C65  1.418(4) 
O8-C68  1.420(4) O8-Li1  1.950(5) O9-C72  1.437(3) 
O9-C69  1.443(3) O9-Li2  1.947(5) O10-C73  1.434(4) 
O10-C76  1.460(4) O10-Li2  1.926(5) O11-C77  1.531(11) 
O11-C80  1.573(11) C1-C10  1.388(3) C1-C2  1.417(3) 
C2-C3  1.359(4) C3-C4  1.409(4) C4-C5  1.417(4) 
C4-C9  1.427(3) C5-C6  1.357(4) C6-C7  1.411(4) 
C7-C8  1.365(4) C8-C9  1.418(3) C9-C10  1.432(3) 
C10-C11  1.484(3) C11-C20  1.393(3) C11-C12  1.432(4) 
C12-C13  1.420(4) C12-C17  1.426(4) C13-C14  1.368(4) 
C14-C15  1.405(6) C15-C16  1.361(6) C16-C17  1.415(5) 
C17-C18  1.411(5) C18-C19  1.350(4) C19-C20  1.424(3) 
C21-C30  1.384(3) C21-C22  1.421(4) C22-C23  1.357(4) 
C23-C24  1.416(4) C24-C25  1.415(4) C24-C29  1.429(4) 
C25-C26  1.363(5) C26-C27  1.402(5) C27-C28  1.375(4) 
C28-C29  1.417(4) C29-C30  1.431(3) C30-C31  1.491(3) 
C31-C40  1.387(3) C31-C32  1.436(3) C32-C37  1.415(4) 
C32-C33  1.425(4) C33-C34  1.367(4) C34-C35  1.390(5) 
C35-C36  1.367(5) C36-C37  1.421(4) C37-C38  1.420(4) 
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C38-C39  1.357(4) C39-C40  1.420(4) C41-C50  1.385(3) 
C41-C42  1.422(3) C42-C43  1.359(4) C43-C44  1.408(4) 
C44-C45  1.421(4) C44-C49  1.429(4) C45-C46  1.358(5) 
C46-C47  1.411(5) C47-C48  1.374(4) C48-C49  1.417(4) 
C49-C50  1.431(3) C50-C51  1.494(3) C51-C60  1.387(3) 
C51-C52  1.433(3) C52-C53  1.421(4) C52-C57  1.422(4) 
C53-C54  1.374(4) C54-C55  1.396(5) C55-C56  1.371(5) 
C56-C57  1.420(4) C57-C58  1.415(4) C58-C59  1.359(4) 
C59-C60  1.425(3) C61-C62  1.521(4) C62-C63  1.433(6) 
C63-C64  1.501(7) C65-C66  1.509(5) C66-C67  1.478(6) 
C67-C68  1.462(5) C69-C70  1.530(4) C70-C71  1.525(5) 
C71-C72  1.502(4) C73-C74  1.490(6) C74-C75  1.412(8) 
C75-C76  1.507(7) C77-C78  1.317(13) C78-C79  1.382(15) 
C79-C80  1.410(14)     
 
Table 4.4.6 Bond angles for compound 4.2–Ce (
o
). 
O5-Ce1-O2 150.75(7) O5-Ce1-O1 92.44(7) O2-Ce1-O1 78.71(6) 
O5-Ce1-O3 91.73(7) O2-Ce1-O3 111.27(7) O1-Ce1-O3 71.74(6) 
O5-Ce1-O4 111.62(7) O2-Ce1-O4 90.44(7) O1-Ce1-O4 143.94(6) 
O3-Ce1-O4 80.75(6) O5-Ce1-O6 81.00(6) O2-Ce1-O6 87.85(7) 
O1-Ce1-O6 139.59(6) O3-Ce1-O6 147.65(6) O4-Ce1-O6 72.98(6) 
O5-Ce1-C1 88.51(7) O2-Ce1-C1 71.08(7) O1-Ce1-C1 26.57(7) 
O3-Ce1-C1 98.12(6) O4-Ce1-C1 159.84(7) O6-Ce1-C1 113.04(7) 
O5-Ce1-C60 70.99(6) O2-Ce1-C60 87.56(7) O1-Ce1-C60 115.33(6) 
O3-Ce1-C60 161.10(6) O4-Ce1-C60 98.20(6) O6-Ce1-C60 25.22(6) 
C1-Ce1-C60 89.24(7) O5-Ce1-Li2 101.12(9) O2-Ce1-Li2 84.67(9) 
O1-Ce1-Li2 163.23(9) O3-Ce1-Li2 117.17(9) O4-Ce1-Li2 37.27(9) 
O6-Ce1-Li2 36.14(9) C1-Ce1-Li2 142.79(9) C60-Ce1-Li2 61.23(9) 
O5-Ce1-Li1 97.77(9) O2-Ce1-Li1 91.15(10) O1-Ce1-Li1 35.77(9) 
O3-Ce1-Li1 36.62(9) O4-Ce1-Li1 111.61(9) O6-Ce1-Li1 175.31(9) 
C1-Ce1-Li1 62.34(10) C60-Ce1-Li1 150.17(9) Li2-Ce1-Li1 148.28(12) 
C1-O1-Li1 154.6(2) C1-O1-Ce1 104.75(14) Li1-O1-Ce1 100.58(15) 
C20-O2-Ce1 134.96(15) C21-O3-Li1 137.1(2) C21-O3-Ce1 117.88(14) 
Li1-O3-Ce1 99.50(16) C40-O4-Li2 130.1(2) C40-O4-Ce1 123.91(15) 
Li2-O4-Ce1 98.00(15) C41-O5-Ce1 132.01(15) C60-O6-Li2 151.7(2) 
C60-O6-Ce1 108.42(14) Li2-O6-Ce1 98.91(15) C64-O7-C61 108.6(3) 
C64-O7-Li1 121.0(3) C61-O7-Li1 116.7(2) C65-O8-C68 110.0(2) 
C65-O8-Li1 130.1(2) C68-O8-Li1 118.2(2) C72-O9-C69 105.4(2) 
C72-O9-Li2 131.7(2) C69-O9-Li2 122.5(2) C73-O10-C76 107.9(3) 
C73-O10-Li2 117.4(2) C76-O10-Li2 118.4(2) C77-O11-C80 98.6(7) 
O1-C1-C10 121.3(2) O1-C1-C2 117.9(2) C10-C1-C2 120.7(2) 
O1-C1-Ce1 48.68(11) C10-C1-Ce1 111.16(15) C2-C1-Ce1 104.90(16) 
C3-C2-C1 120.6(2) C2-C3-C4 121.1(2) C3-C4-C5 121.5(2) 
403 
 
C3-C4-C9 119.0(2) C5-C4-C9 119.5(2) C6-C5-C4 121.2(3) 
C5-C6-C7 119.6(3) C8-C7-C6 120.7(2) C7-C8-C9 121.5(2) 
C8-C9-C4 117.4(2) C8-C9-C10 122.9(2) C4-C9-C10 119.6(2) 
C1-C10-C9 118.9(2) C1-C10-C11 119.5(2) C9-C10-C11 121.5(2) 
C20-C11-C12 118.9(2) C20-C11-C10 119.5(2) C12-C11-C10 121.5(2) 
C13-C12-C17 117.9(3) C13-C12-C11 122.0(2) C17-C12-C11 120.1(3) 
C14-C13-C12 121.4(3) C13-C14-C15 120.3(4) C16-C15-C14 119.9(3) 
C15-C16-C17 121.6(3) C18-C17-C16 122.6(3) C18-C17-C12 118.4(3) 
C16-C17-C12 118.9(3) C19-C18-C17 121.4(3) C18-C19-C20 121.2(3) 
O2-C20-C11 122.0(2) O2-C20-C19 118.2(2) C11-C20-C19 119.8(2) 
O3-C21-C30 121.3(2) O3-C21-C22 118.5(2) C30-C21-C22 120.2(2) 
C23-C22-C21 121.2(2) C22-C23-C24 120.9(2) C25-C24-C23 121.8(3) 
C25-C24-C29 119.5(3) C23-C24-C29 118.6(2) C26-C25-C24 121.1(3) 
C25-C26-C27 119.8(3) C28-C27-C26 120.7(3) C27-C28-C29 121.2(3) 
C28-C29-C24 117.6(2) C28-C29-C30 122.5(2) C24-C29-C30 119.9(2) 
C21-C30-C29 119.2(2) C21-C30-C31 120.0(2) C29-C30-C31 120.8(2) 
C40-C31-C32 119.1(2) C40-C31-C30 120.7(2) C32-C31-C30 120.1(2) 
C37-C32-C33 117.8(2) C37-C32-C31 120.1(2) C33-C32-C31 122.0(2) 
C34-C33-C32 121.2(3) C33-C34-C35 120.9(3) C36-C35-C34 119.8(3) 
C35-C36-C37 121.1(3) C32-C37-C38 118.6(3) C32-C37-C36 119.2(3) 
C38-C37-C36 122.2(3) C39-C38-C37 120.9(3) C38-C39-C40 121.2(3) 
O4-C40-C31 122.1(2) O4-C40-C39 118.1(2) C31-C40-C39 119.9(2) 
O5-C41-C50 121.9(2) O5-C41-C42 118.3(2) C50-C41-C42 119.8(2) 
C43-C42-C41 121.3(3) C42-C43-C44 120.8(2) C43-C44-C45 121.8(3) 
C43-C44-C49 119.0(2) C45-C44-C49 119.2(3) C46-C45-C44 121.4(3) 
C45-C46-C47 119.7(3) C48-C47-C46 120.6(3) C47-C48-C49 121.2(3) 
C48-C49-C44 117.9(2) C48-C49-C50 122.5(2) C44-C49-C50 119.5(2) 
C41-C50-C49 119.5(2) C41-C50-C51 119.8(2) C49-C50-C51 120.7(2) 
C60-C51-C52 119.0(2) C60-C51-C50 120.1(2) C52-C51-C50 120.9(2) 
C53-C52-C57 117.9(2) C53-C52-C51 122.1(2) C57-C52-C51 120.0(2) 
C54-C53-C52 120.9(3) C53-C54-C55 120.8(3) C56-C55-C54 120.3(3) 
C55-C56-C57 120.4(3) C58-C57-C56 121.2(3) C58-C57-C52 119.1(2) 
C56-C57-C52 119.7(3) C59-C58-C57 120.5(2) C58-C59-C60 121.2(2) 
O6-C60-C51 121.3(2) O6-C60-C59 118.5(2) C51-C60-C59 120.2(2) 
O6-C60-Ce1 46.36(10) C51-C60-Ce1 108.50(15) C59-C60-Ce1 110.67(16) 
O7-C61-C62 105.3(3) C63-C62-C61 103.7(3) C62-C63-C64 107.6(4) 
O7-C64-C63 106.9(3) O8-C65-C66 106.4(3) C67-C66-C65 105.6(3) 
C68-C67-C66 105.5(3) O8-C68-C67 108.8(3) O9-C69-C70 105.2(2) 
C71-C70-C69 104.2(2) C72-C71-C70 104.7(3) O9-C72-C71 104.5(2) 
O10-C73-C74 108.0(3) C75-C74-C73 104.6(4) C74-C75-C76 106.9(4) 
O10-C76-C75 104.2(4) C78-C77-O11 104.5(9) C77-C78-C79 122.6(12) 
C78-C79-C80 100.0(12) C79-C80-O11 111.8(10) O7-Li1-O1 104.4(2) 
O7-Li1-O8 113.6(2) O1-Li1-O8 119.9(3) O7-Li1-O3 125.7(3) 
404 
 
O1-Li1-O3 86.7(2) O8-Li1-O3 105.0(2) O7-Li1-Ce1 131.3(2) 
O1-Li1-Ce1 43.64(11) O8-Li1-Ce1 114.68(19) O3-Li1-Ce1 43.89(11) 
O6-Li2-O10 118.9(2) O6-Li2-O9 112.0(2) O10-Li2-O9 110.7(2) 
O6-Li2-O4 89.12(19) O10-Li2-O4 105.6(2) O9-Li2-O4 119.4(2) 
O6-Li2-Ce1 44.95(11) O10-Li2-Ce1 127.39(19) O9-Li2-Ce1 121.74(19) 
O4-Li2-Ce1 44.73(10)     
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CHAPTER 5  
Uranium (IV) BINOLate Heterobimetallics: Synthesis and 
Reactivity in an Asymmetric Diels–Alder Reaction 
 
Abstract 
The first heterobimetallic BINOLate complexes incorporating uranium were prepared and their 





 cations to the reaction selectivity were addressed through control of the two different 
Lewis acid centers. The presence of an anionic ligand in the seventh coordination site of the 
central uranium cation resulted in enhanced selectivity compared to the RE(III) catalyst with the 
same alkali metal cation, and represents the highest enantioselectivities obtained with a uranium-
based catalyst to date. Additionally, a simple work-up procedure was developed to obtain organic 
products free of the trace radioactivity present in the reaction mixtures. 
Adapted from work previously published in Organometallics, 2013, 32, 1493-1499 with 




Asymmetric catalysis is a powerful method for the preparation of optically active compounds. 
The enantioenriched products prepared in this way find applications in pharmaceuticals, 
materials, and synthesis.
1
 One successful class of asymmetric catalysts is based on 
multifunctional bimetallic compounds, which often exhibit enhanced reactivity and selectivity 
arising from cooperative interactions between neighboring sites on the catalyst.
2
 Amongst the 
most successful multifunctional bimetallic asymmetric catalysts are the Rare-Earth/alkali-
Metal/1,1′-Binaphtholate (REMB; 1:3:3) complexes whose applications were pioneered by 
Shibasaki and co-workers (Figure 5.1.1).
1a, b, 2a, 3
 These complexes feature two unique Lewis 
acids: a central RE(III) cation and three alkali metal (M = Li, Na, K) cations. The compounds also 
contain six Brønsted-basic oxygen atoms of the BINOLate ligands that can serve to deprotonate 
the substrate and to shuttle protons between the catalyst and intermediates. The REMB system is 
highly tunable and simple changes in the identity of RE and M retain the catalyst scaffolding, but 
result in dramatic differences in reactivity and enantioselectivity. Despite the success and 
tunability of the REMB system in catalysis,
2a, 3a-h, 4
 there has been no investigation of the oxidation 
state of the central metal ion in catalysis for these frameworks (Figure 5.1.1). 
 We hypothesized that oxidized REMB analogs would be attractive for catalysis, because an 
increase in oxidation state at the central cation is expected to increase the Lewis acidity at both 
unique metal sites. Amongst the lanthanides, cerium is the only member that has an accessible 
tetravalent state.
5
 In contrast, early actinides readily support high oxidation states; uranium 
cations display oxidation states ranging from +3 to +6.
6
 Depleted uranium, primarily 
238
U, is a 
weak alpha emitter allowing for safe experimental work with simple monitoring procedures.
7
  
In this work we disclose the synthesis of the first tetravalent uranium BINOLate complexes and 
benchmark their reactivity and enantioselectivity against established lanthanide catalysts using an 
asymmetric Diels-Alder test reaction. The results of this benchmarking show the highest 
enantioselectivities obtained with a uranium-based catalyst to date and provide evidence that the 




Figure 5.1.1. The REMB complex framework. Adapted with permission of the American Chemical 
Society © 2013  
the dienophile at the lithium cations. Initial investigations provide evidence that installation of an 
anionic ligand in the seventh coordination site of the REMB framework enhances selectivity, and 
suggests that selectivity may be further controlled by choice of the anionic ligand. Finally, we 
describe a simple work-up procedure to obtain organic products free of the trace radioactivity 
present in the reaction mixtures.  
5.2 Results/Discussion 
5.2.1 Synthesis of Uranium(IV) BINOLate Complexes. 
Our initial approach to the synthesis of uranium-BINOLate complexes focused on isolating an 
isostructural uranium(III) REMB framework starting from either UI3 or U[N(SiMe3)2]3 in THF. In our 
hands, however, only uranium(IV) μ-hydroxo-BINOLate clusters were isolated using those 
starting materials. In contrast, using the tetravalent UCl4 allowed for the synthesis of 
[Li3(THF)5][(BINOLate)3U–Cl] (5.1) as a green crystalline solid in 74% yield (Scheme 1). 
Additionally, formation of 5.1 was found to be insensitive to stoichiometry; reaction of excess (7 
equiv) Li2[(S)-BINOLate] at temperatures up to 80 °C in THF did not result in elimination of the 
fourth equivalent of chloride anion as LiCl. Surprisingly, the reaction of monodeprotonated Li[(S)-







Scheme 5.2.1. Synthesis of [Li3(sol)n][(BINOLate)3U–Cl] (sol = THF (5.1), DMEDA (5.2)) and 
[Li3(THF)5][{(S)-(6,6′-Br2-BINOLate)}3U–{(S)-(6,6′-Br2-H1BINOL)}] (5.3). Reprinted with permission 
of the American Chemical Society © 2013  
 
indicating UCl4 is superior for obtaining 5.1. 5.1 is isostructural to the recently reported 
[Li3(THF)5][(BINOLate)3Ce–Cl] (Ce-Cl),
8
 where the geometry of the central Ce(IV) or An(IV) ions 
are best described as a distorted trigonal prism. The use of (S)-BINOL to prepare 5.1 leads to the 
expected Λ configuration of the complex, which was observed for Ce-Cl and is similar to the 
reported trivalent lanthanides (Figure 5.2.1).
4, 8-9
 The U–OBINOLate distances range from 2.2939(17) 




Figure 5.2.1. Thermal ellipsoid plot of [Li3(THF)5][(BINOLate)3U–Cl] (5.1) shown at 30% 
probability. Reprinted with permission of the American Chemical Society © 2013 
 
are similar to the trivalent and tetravalent REMB (M = Li) frameworks. Also, the U(IV)–Cl distance 




The NMR data for 5.1 is unusual compared to the reported REMB complexes. The REMB 
complexes typically exhibit D3 symmetric structures in solution due to rapid exchange of THF 
coordinated to the RE ion with THF solvent.
4, 9
 In contrast, due to the chloride ligand bound at the 







H}-NMR (Figure 5.2.2). Twelve unique 
1
H resonances that represent the 




Figure 5.2.2. (a) 
1








H}-NMR (bottom) spectra of 5.1. 
Resonances belonging to (S)–BINOLate ligands are marked with *’s. Reprinted with permission 
of the American Chemical Society © 2013. 
 




H}-NMR data for 5.1 showed 17 of the 20 
expected resonances (Figure 5.2.2c); the two C–OBINOLate resonances, which typically fall 
between 160–180 ppm, were not observed. Their close proximity to the paramagnetic 
uranium(IV) center likely results in substantial line broadening of the C–OBINOLate resonances. The 
absence of the other BINOLate 
13
C resonance is suggested to be due to accidental equivalence. 
Finally, we observe one paramagnetically shifted 
7
Li signal (Figure 5.2.2b, 11.8 ppm), which is 
consistent with three equivalent Li
+
 cations on the NMR time scale. 
After successful isolation of 5.1, we pursued the synthesis of related U(IV) tris(BINOLate) 
complexes to study structure-function relationships.
9a, b
 In the REMB framework, the DMEDA 
analogues have proven useful mechanistic probes due to DMEDA’s strong chelating preferences 
for the Li centers. Simple ligand substitution of 5.1 with 3 equivalents of DMEDA resulted in 
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crystallization of the diamine bound complex, [Li3(DMEDA)3][(BINOLate)3U–Cl] (5.2) in 
quantitative yield (Scheme 5.2.1 and Figure 5.2.3). 5.2 is structurally similar to 5.1, with 





of 5.2 displays a single resonance (10.6 ppm) shifted upfield by 1.2 ppm relative to 5.1, indicating 
the different Li
+
 coordination environments for 5.1 and 5.2 in solution. 
 
Figure 5.2.3. Thermal ellipsoid plot of [Li3(DMEDA)3][(BINOLate)3U–Cl] (5.2) shown at 30% 
probability. Reprinted with permission of the American Chemical Society © 2013. 
 
Substitution of the BINOL ligand framework in the 6,6′-positions alters the steric and electronic 
properties of the complex and has been shown to improve catalyst selectivity.
3b, 11
 Deprotonation 
of (S)-6,6′-Br2-BINOL with two equivalents of LiO
t
Bu or LiN(SiMe3)2 in THF results in the 
corresponding Li2[(S)-6,6′-Br2-BINOLate] salt. Surprisingly, treatment of UCl4 in THF with 3 or 4 
equiv of Li2[(S)-6,6′-Br2-BINOLate] resulted in the isolation of the tetra-substituted compound: 
[Li3(THF)5][{(S)-6,6′-Br2-BINOLate)}3U–{(S)-(6,6′-Br2–H1BINOL)}] (5.3, Scheme 5.2.1). It appears 
that the more electron deficient [Li3(THF)5][{(S)-6,6′-Br2-BINOLate)}3U–Cl] undergoes further 
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substitution with 6,6′-Br2-BINOLate (Scheme 5.2.1), which is in contrast to 5.1, which will not 
undergo further substitution with excess Li2[(S)-BINOLate]. While the source of the proton present 
at the dangling aryloxide moiety is not known, optimized and reproducible yields of ~50 % were 
obtained using 4 equivalents of the Li2[(6,6′-Br2-BINOLate], with separation of impurities afforded 
by three subsequent recrystallizations from THF/pentane. The X-ray structure of 5.3 (Figure 
5.2.4) shows a seven-coordinate uranium cation that adopts a slightly distorted trigonal prismatic  
 
Figure 5.2.4. Thermal Ellipsoid Plot of [Li3(THF)5][{(S)-(6,6′-Br2-BINOLate)}3U–{(S)-(6,6′-Br2-
H1BINOL)}] (5.3). Solvent removed for clarity. Reprinted with permission of the American 
Chemical Society © 2013. 
 
geometry. The terminal U–OBINOLate bond distance of 2.221(5) Å is ~0.1 Å shorter than the Li-
bridged U–OBINOLate bond distances, which is expected with the increased electron density at the 
BINOLate alkoxide in the absence of bridging lithium interactions. 
Motivated by the complete aryloxide substitution observed for 5.3, we were compelled to probe 
the reactivity of the U–Cl bond of 5.1 to generate coordinatively unsaturated, cationic uranium(IV) 







(CF3)2]4, in THF or toluene resulted in a color changes from green to brown solutions and 
complete consumption of 5.1 as judged by 
1
H-NMR. The salt metathesis reactions yielded 
mixtures of products, as judged by 
1
H-NMR spectroscopy. The only crystalline products obtained 
from these reactions were low yields of poorly defined uranium(IV) μ-hydroxo-BINOLate trimeric 
clusters, akin to those obtained from reaction of uranium(III) starting materials with BINOlate 
salts. With the hope of isolating well-defined, cationic uranium-BINOLate products, the Lewis 
basic donors triphenylphosphine oxide or pyridine, were added to the reaction mixtures of 5.1 
with Na[BAr
F
4]. The presence of such additives, however, did not affect the outcomes of the 
reactions. Based on these experiments it seems likely that cationic, coordinatively unsaturated 
uranium-BINOLate compounds were not stable under the conditions specified.  
5.2.2 Reactivity of Uranium(IV) BINOLate Complexes.  
With this series of compounds in hand, we investigated the reactivity of 5.1, 5.2, and 5.3 to 
determine the impact of the tetravalent oxidation state on the catalytic activity and mode of action 
of f-block tris(BINOLate) frameworks. Sasai, Shibasaki, and co-workers reported an asymmetric 
Diels-Alder reaction of an oxazolidinone substrate using the REMB framework, which undergoes 
cycloaddition by a Lewis acid catalyzed mechanism.
3b
 The Diels-Alder reaction was chosen as a 
test reaction for the uranium-BINOLate complexes for two reasons: (1) optimized conditions for 
the reaction are anhydrous, allowing for facile correlation of solid state and solution catalytic 
species, and (2) the selectivity for this Diels-Alder reaction is reportedly dependent upon the size 
of the central lanthanide(III) ion.
3b
  
One concern with the use of uranium as a catalyst is the radioactivity of the element, even in its 
depleted form, which is primarily 
238
U. For our investigations, uranium was easily removed by 
passing the reaction mixtures through a short silica plug followed by an aqueous work-up (Figure 
5.2.5 and Supporting Information). Quantitative assessment of these procedures was performed 
using a Beckman-Coulter LS 6500 liquid scintillation counter by following the β-decay of solution 
aliquots with the addition of scintillation cocktail. In Figure 5.2.5, entry 1 is the radioactivity 
(counts per minute, CPM) for a solution of ~10 mol % of 5.1, where entry 4 is an average 
417 
 
background reading from our lab (< 0.05 mg U, see Supporting Information). The aqueous layer 
(entry 2) displays levels of radioactivity corresponding to 2% of entry 1, with the organic phase 
(entry 3) showing negligible CPM. This straightforward work-up procedure allows for facile 
separation of uranium waste in catalysis, and should be applicable to other uranium-catalyzed 
reactions. 
 
Figure 5.2.5. Radioactivity of Diels-Alder reaction following different work-up protocols using 
samples of 5.1 (~40 mg; 6.3 mg 
238
U). 1) 10 mol% 5.1 (no work-up, 15,029 CPM). 2 & 3) Short 
silica plug filtration followed by aqueous extraction. 2 = aqueous layer (295 CPM), 3 = organic 
layer (129 CPM), 4) laboratory background (150 CPM). Silica plug refers to a pipet packed with 
SiO2 (~550 mg) with 10 mL of EtOAc used as an eluent. Aqueous work-up refers to washing of 
the organic layer from the previously mentioned silica plug with 7 mL of brine and separating the 
layers.  The standard curve for determining 
238
U content can be found in experimental section 
5.4.3 (Figure 5.4.1 and Table 5.4.1). Reprinted with permission of the American Chemical Society 
© 2013. 
 
We began our investigation with 5.1 as a catalyst in coordinating solvent such as THF (Table 
5.2.1, entry 2), however, only racemic product was obtained. Similar results were previously 
reported for the trivalent REMB framework, where coordinating solvent outcompetes the 
substrate for Lewis-acid coordination. The racemic uncatalyzed background reaction occurs at –
20 °C (entry 1).
3b
 Switching to a non-coordinating solvent, toluene (entry 3), results in moderate 
selectivity with 5.1.  We were interested whether the moderate selectivity of 5.1 was inherent to 
the catalyst framework, or due to the competitive racemic uncatalyzed pathway. Increasing the 
418 
 
loading of 5.1 to 20 mol% (entry 4) led to little improvement of enantioselectivity. Therefore, the 
data support the assertion that 5.1 outcompetes the racemic background reaction, but shows only 
moderate levels of stereocontrol. 





. In the case of 5.1 we expect that the central uranium(IV) center is inaccessible for 
coordination of substrate. The strong U–Cl bond and non-polar toluene solvent disfavor 
dissociation of Cl
–
 to generate a six-coordinate uranium cation.  Furthermore, the size of the 





Table 5.2.1: Reactivity of tetravalent f-block/Li BINOLate  
heterobimetallics in an asymmetric Diels-Alder reaction. 










1 THF None 70 0 7.9 
2 THF 5.1 70 0 7.7 
3 Tol 5.1 95 37 7.0 
4
d
 Tol 5.1 95 39 10.9 
5 Tol 5.2 75 4 5.5 
6 Tol Ce-Cl 77 39 11.0 
7 Tol YbLB 63 11 5.9 





 82 58 19.0 
a – Isolated yield after column chromatography. b – Determined from HPLC. 
c – Determined from 
1
H-NMR. d – 20 mol % catalyst was used. e – Ref. 3b 
 
coordination number to eight.
9a
 Consistent with this hypothesis, use of 5.2 as a catalyst resulted 
in an effectively racemic product (entry 5), suggesting that both Lewis acidic U and Li centers in 
5.2 are unavailable to bind the substrate. This result supports our hypothesis that the uranium 
centers in 5.1 and 5.2 are coordinatively saturated, and that only the Li
+
 sites are available as 
Lewis acids for substrate activation in 5.1. These experiments highlight the difference between 
the seven-coordinate lanthanide(III) and uranium(IV) complexes. The lanthanide complexes 
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[Li3(THF)5][(BINOLate)3Ln(THF)] (LnLB) can dissociate the lanthanide-bound THF ligand and 






After establishing that the reaction occurs at the Li
+
 ions, we sought to investigate the impact of 
the complex structure on catalysis. Isostructural 1–Ce (entry 6) and 5.1 (entry 3) performed 
comparably, which we propose is due to their similar structures and ionic radii: U(IV) = 0.95 Å and 
Ce(IV) = 0.92 Å.
12
 In contrast, employing the similarly sized trivalent derivative, 
[Li3(THF)6][(BINOLate)3Yb] (YbLB), with Yb(III) = 0.93 Å, a marked decrease in enantioselectivity 
was observed (11% ee, entry 7).  The lower selectivity for YbLB could be due to substrate 




 cations, whereas the similarly sized U(IV) and 
Ce(IV) ions are limited to coordinating substrate at the Li
+
 cations. Due to the two different 
possible mechanisms present for YbLB, further comparison to a catalyst where only the Li
+
 
centers are available for substrate coordination is needed. Interestingly, the coordinatively 
saturated six-coordinate Al derivative, [Li3(THF)6][(BINOLate)3Al] (AlLB), also reportedly provided 
poor selectivity (16% ee) in the Diels-Alder reaction.
3b
 Based on these results we propose that 
installation of a non-labile seventh ligand, Cl
-
, at the central metal ion improves the chiral 
environment at the Li
+
 for this cycloaddition reaction.  
Substituted BINOLate ligands were previously shown to provide higher enantioselectivities for 
the trivalent frameworks.
3b
 Catalyst 5.3 (entry 8) provides the highest levels of enantioselection 
(63%) of the tetravalent catalysts investigated, and the highest levels of stereoselectivity using 
any uranium-based catalyst to date.
13
 The reported ytterbium(III) substituted BINOL derivative, 
[Li3(THF)6][(6,6'-Br2-BINOLate)3Yb] (YbLB
Br
), performed with slightly lower selectivity (58% ee, 
entry 9), further supporting that stereoselectivity is improved using a seven-coordinate tetravalent 
framework. In this Diels-Alder reaction, the optimized system from Sasai, Shibasaki and co-
workers
3b
 using the larger lanthanum ion, [Li3(THF)5][(6,6'-Br2-BINOLate)3La(THF)], surpasses 
the performance of the tetravalent derivatives. However, application of higher oxidation state 




In summary, we report a set of uranium(IV) BINOLate heterobimetallic complexes and their 
reactivity in an asymmetric Diels-Alder reaction. We have synthesized and structurally 
characterized the first examples of BINOLate ligands coordinated to uranium, and to our 
knowledge our reactivity studies represent the highest enantioselectivities reported using 
uranium-based catalysts.
13
 Through control of the two different Lewis acid centers (uranium and 
lithium) we are able to make observations on each component’s contribution to selectivity in the 
reaction. In the case of [Li3(THF)4][(BINOLate)3Ln(THF)] complexes, addition of DMEDA to 
coordinatively saturate the Li
+
 ions does not dramatically impact the enantioselectivity of the 
catalyst.
9a
  In contrast, when the central Lewis acid is coordinatively saturated due to binding of a 
seventh anionic ligand, as in 5.1 and 5.3, catalysis is proposed to take place only at the lithium 
cations.  These seven-coordinate catalysts result in higher selectivity than similar-sized trivalent 
derivatives. To further support the mode of activation of the tetravalent catalysts, when the 
diamine DMEDA is used to saturate the lithium centers, as in 5.2, the cycloaddition takes place 
through the background reaction with little or no participation of the uranium-lithium 
heterobimetallic catalyst. Finally, we report a simple work-up procedure to obtain organic 
products free of trace radioactivity present in reaction mixtures, which allows for the easy and 
safe application of uranium in catalytic reactions. 
5.4 Experimental Section 
General Methods. All reactions and manipulations were performed under an inert atmosphere 
(N2) using standard Schlenk techniques or in a Vacuum Atmospheres, Inc. Nexus II drybox 
equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system. Glassware was 






H}NMR spectra were obtained on a Brüker 
Uni–400 or on a Brüker AM–500 Fourier transform NMR spectrometer at 400 and 101 MHz or 




H}-NMR were recorded on a Brüker AM-500 Fourier 
transform NMR spectrometer at 155 MHz. Chemical shifts were recorded in units of parts per 
million downfield from residual proteo solvent peaks (
1











H} spectra were referenced to external solution standards of LiCl in H2O (at 
zero ppm). All coupling constants are reported in hertz. The infrared spectra were obtained from 
400-4000 cm
-1
 using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were 
performed at the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer 
Series II 2400 CHNS analyzer. All scintillation counts were performed on a Beckman-Coulter LS-
6500 using an open window with 3 minute collection times, and samples were prepared using a 
1:4 volumetric ratio of sample to scintillation cocktail. 
Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Deuterated solvents were purchased from Cambridge 
Isotope Laboratories, Inc. and stored over potassium mirror overnight prior to use. Cerium(III) 
triflate (Strem Chemicals Inc.) was heated at 150 °C for 12 hours at ~100 mtorr prior to use. Trityl 















 and were prepared according to literature procedures. The 
deprotonated lithium salt of 6,6′-Br2-BINOL was prepared in a similar manner to Li2[(S)-
BINOLate].
4
 Cyclopentadiene was used following fresh cracking and freeze-pump thawing (3 
cycles) for reactivity studies. The thermal cracking to obtain cyclopentadiene from 
dicyclopentadiene (Aldrich) was performed at a minimum temperature of 185°C for ~4 h, during 




U Content versus Counts Per Minute for Radioactivity Monitoring  
Radioactivity monitored by scintillation counting results were calibrated with a standard curve 
(Figure 5.4.1) consisting of several solutions of known quantities (Table 5.4.1), which were  
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prepared volumetrically using a 1000 ppm Uranium Atomic Absorption Standard (Sigma Aldrich) 
as the 
238
U source.  
 
Figure 5.4.1. Standard curve for radioactivity (CPM). 
Table 5.4.1. Quantities used to establish a standard curve for 
238
U content.  
 
Amount of Uranium 
(mg) 
Radioactivity  












Synthesis of [Li3(THF)5][(BINOLate)3U–Cl] (5.1). Under a nitrogen atmosphere, a 125 mL side-
arm flask was charged with UCl4 (0.40 g, 1.0 mmol; FW: 379.84), THF (20 mL), and a small stir 
bar. Solid Li2[(S)–BINOLate] (0.98 g, 3.3 mmol, 3.3 equiv; FW: 298.19) was added to the stirred 
solution. The solution color immediately turned dark green-brown, and became clear and light 
green after five minutes. The reaction was stirred at room temperature for two days and filtered 
using a Celite-packed pipette equipped with a plug of glass filter disk. The solvent was removed 
under reduced pressure and the green residue was suspended in a mixture of toluene (5 mL) and 
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diethyl ether (3 mL). The suspension was filtered over a Celite-packed coarse porosity frit and the 
filtrate volume was reduced to approximately 1 mL. n–Hexanes (10 mL) was added to the stirred 
filtrate to induce precipitation of the product. The mixture was stirred for 30 min, collected by 
filtration over a medium porosity frit, and washed with hexanes (3  5 mL). The product was dried 
under reduced pressure and collected as a tan solid. Yield 1.16 g (0.77 mmol, 74 % yield; FW: 
1506.61). Light green X-ray quality single crystals were obtained by vapor diffusion of pentane 
into a concentrated THF solution of 5.1. Note: This procedure has been successfully scaled to 
yield up to 9.5 g of crystalline product with yields for all scales ranging from 57-84%. Anal. Calcd 
for C80H76O11Li3ClU: C, 63.73; H, 5.08. Found: C, 63.76; H, 5.25. 
1
H-NMR (400 MHz, THF-d8) δ: 
11.01 (br–s, 1H), 10.82 (br–s, 1H), 8.78 (br–s, 2H), 8.39 (br–s, 2 H), 7.40 (br–s, 1H), 7.06 (br–s, 




H} NMR (155 MHz, 




H} NMR (126 MHz, THF–d8) δ: 
13
C NMR (126 MHz, THF–d8) δ 139.2, 
135.1, 133.9, 133.2, 131.9, 131.1, 130.6, 129.80, 127.08, 125.7, 124.9, 124.7, 123.9, 123.3, 
119.3, 117.0, 113.8. The two C – O (BINOLate) 
13
C resonances were not observed and attributed 
to the close proximity to the paramagnetic uranium center of 5.1. IR (Nujol, cm
-1
) ν: 2974, 2860, 
1615, 1590, 1558, 1502, 1462, 1425, 1384, 1365, 1354, 1335, 1273, 1263, 1246, 1236, 1211, 
1183, 1070, 994, 953, 911, 823, 748, 693, 666, 591, 573, 547, 522, 478 cm
-1
.  
Synthesis of [Li3(DMEDA)3][(BINOLate)3U–Cl]·C5H9 (5.2). 
A 20 mL scintillation vial was charged with 5.1 (200 mg, 0.133 mmol; FW: 1506.61), THF (3 mL), 
and N,N′-dimethylethylenediamine (DMEDA, 43 μL, 0.40 mmol, 3 equiv; FW: 88.15). The green 
solution was layered with pentane (15 mL) and allowed to sit undisturbed overnight. The green 
crystals were collected over a medium porosity fritted filter, washed with hexanes (3  5 mL), and 
dried under reduced pressure for 3 h. Green X-ray quality single crystals were obtained by vapor 
diffusion of pentane into a concentrated THF solution of 5.2. Yield 197 mg (99 % yield, 0.133 
mmol; FW: 1483.83). Anal. Calcd for C77H84N6O6Li3ClU: C, 62.33; H, 5.71; N, 5.66. Found: C, 
62.74; H, 5.65; N, 5.62. 
1
H-NMR (500 MHz, THF-d8) δ: 10.58 (br–s, Ar-H, 1H), 10.19 (br–s, Ar-H 
1H), 8.80 (br–s, Ar-H, 1H), 8.65 (br–s, Ar-H, 1H), 8.44 (br–s, Ar-H, 2H), 7.39 (br–s, Ar-H, 1H), 
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7.11 (br–s, Ar-H, 1H), 6.73 (br–s, Ar-H, 1 H), 3.95 (br–s, N–CH2, 4H), 3.48 (br–s, N–H, 2H), 3.26 





NMR (155 MHz, THF–d8) δ: 10.6 (s). IR (Nujol, cm
-1
) ν: 3341 (sh, N–H), 3298 (sh, N–H), 2975, 
2860, 1614, 1589, 1559, 1501, 1462, 1425, 1384, 1364, 1355, 1336, 1275, 1264, 1247, 1235, 
1183, 1070, 1032, 995, 953, 911, 825, 750, 738, 694, 666, 590, 574, 547, 500, 478 cm
-1
.  
Synthesis of [Li3(THF)5][(6,6′-Br2-BINOLate)3U–(6,6′-Br2-H1BINOLate)] (5.3). 
A 20 mL scintillation vial was charged with UCl4 (0.23 g, 0.59 mmol; FW: 379.84), THF (14 mL), 
and a small stir bar. Solid Li2[(S)-6,6′-Br2-BINOLate] (1.08 g, 2.37 mmol, 4.0 equiv; FW: 455.98) 
was added to the stirred solution. The solution color immediately turned light green, and became 
clear after five minutes. The reaction was stirred at room temperature for 12 h and filtered using a 
Celite-packed pipette equipped with a plug of glass filter disk. The solvent was removed under 
reduced pressure and the green residue was suspended in toluene (15 mL). The suspension was 
filtered over a Celite-packed coarse porosity frit and the filtrate volume was removed under 
reduced pressure. The product was purified by three successive recrystallizations from layering 
concentrated THF solutions of 5.3 with pentane until the product displayed one 
7
Li signal. Green 
crystals were collected by filtration over a medium porosity frit, and washed with hexanes (3  5 
mL). The product was dried under reduced pressure for 3 h. Light green X-ray quality single 
crystals were obtained by vapor diffusion of pentane into a concentrated THF solution of 5.3. 
Yield 845 mg (0.352 mmol, 60% yield; FW: 2388.79). Anal. Calcd for C100H81Br8O13Li3U: C, 50.28; 
H, 3.42. Found: C, 50.19; H, 3.74. 
1
H-NMR (500 MHz, THF-d8) δ: 8.25 (br–s, 3H), 6.85 (br–s, 




H} NMR (155 MHz, THF–d8) δ: –25.1 (s). IR (Nujol, cm
-1
) ν: 3131 (O–H), 
2975, 2861, 1585, 1485, 1460, 1400, 1385, 1335, 1274, 1244, 1166, 1099, 1070, 1050, 947, 911, 
842, 766, 750, 655, 563, 537 cm
-1
.  
General Procedure for Asymmetric Diels-Alder Reactions. 
A 15 mL Schlenk tube was charged with catalyst (10 mol %), 3-acryloyl-2-oxazolidinone (28.2 
mg, 0.2 mmol; FW: 141.3), and solvent (2 mL). Freshly cracked and degassed cyclopentadiene 
(0.15 mL, 2.0 mmol, 10 equiv; FW: 66.1) was added at –20 °C under N2 on a Schlenk line. The 
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reaction was stirred for 48 h at –20 °C, and quenched by passing the reaction through a short 
silica plug (~550 mg SiO2; pipette) followed by minimal rinsing with EtOAc (10 mL). The combined 
organic layers were washed with 10% HCl (1 mL) and brine (1  7 mL). The solution was dried 
with MgSO4, filtered, and solvents were removed under reduced pressure to yield the crude 
product. The purified product was obtained after column chromatography (SiO2, 10% 
acetone/hexanes), and enantioselectivities were then determined by HPLC (Chiralcel OD-H, 4% 










































Figure 5.4.6. HPLC Trace of Racemic (upper) and Enantioenriched (lower) product 
 
Conditions:  Column: OD-H.  Flow: 0.8 mL/min. Eluent: 4% IPA:Hex. Detection @ 210 nm. 
Table 5.4.2. Representative HPLC data  












9013 37952 37596 0 
5.3 22200 41450 184809 63 
 
X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1)K. In all cases, rotation frames were integrated using SAINT,
19





) values which were then passed to the SHELXTL
20
 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 
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The structures were solved by direct methods (SHELXS-97).
23
 Refinement was by full-matrix 




 All reflections were used during refinements. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. For 5.2 and 5.3 there was an area of disordered solvent for which a reliable disorder 
model could not be devised; the X-ray data were corrected for the presence of disordered solvent 
using SQUEEZE.
23
 Crystallographic data and structure refinement information are summarized in 
Table 5.4.3 and Table 5.4.4. The crystallographically determined bond lengths and angles for 5.1 
(Penn433), 5.2 (Penn439), and 5.3 (Penn386) are displayed in Tables 5.4.5–5.4.10. 
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Table 5.4.3. Crystallographic parameters for compounds 5.1, and 5.2. 
  5.1 (Penn433) 5.2 (Penn439) 
Empirical formula C84H84O12ClLi3U C72H66N6O6ClLi3U 
Formula weight 1579.81 1405.61 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic orthorhombic 
Space group P212121  P212121  
Cell constants   
a (Å) 11.0718(17) 19.834(3) 
b (Å) 25.400(4) 25.703(5) 
c (Å) 26.095(5) 30.533(5) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 7339(2) 15566(5) 
Z 4 8 
ρcalc (mg/cm
3
) 1.43 1.200 
µ (Mo Kα) (mm
–1
) 2.311 2.167 
F(000) 3208 5648 
Crystal size (mm
3
) 0.44 x 0.30 x 0.08 mm3 0.46 × 0.35 × 0.16 
Theta range for data collection 1.75 to 27.55° 1.72 to 27.52° 
Index ranges 
-14 ≤ h ≤ 14, -32 ≤ k ≤ 33, -33 ≤ 
l ≤ 33 
–25 ≤ h ≤ 23, –33 ≤ k ≤ 32, –39 
≤ l ≤ 37 
Reflections collected 106749 234544 
Independent collections 16731 [R(int) = 0.0297] 35494 [R(int) = 0.0445] 
Completeness to theta = 27.52
o
 99.60% 99.50% 
Absorption correction Semi-empirical from equivalents 
Semi–empirical from 
equivalents 
Max and min. transmission 0.7456 and 0.5717 0.7456 and 0.5475 
Refinement method Full-matrix least-squares on F2 Full–matrix least–squares on F
2
 
Data / restraints / parameters 16731 / 16 / 929 35494 / 12 / 1616 
Goodness–of–fit on F
2
 1.032 1.156 
Final R indices [I>2sigma(I)] R1 = 0.0211, wR2 = 0.0549 R1 = 0.0571, wR2 = 0.1546 
R indices (all data) R1 = 0.0231, wR2 = 0.0557 R1 = 0.0796, wR2 = 0.1705 








Table 5.4.4. Crystallographic parameters for compounds 5.3. 
  5.3 (Penn486) 
Empirical formula C109H101O14Br8Li3U 
Formula weight 2533.03 
Temperature (K) 143(1) 
Wavelength (Å) 0.71073 
Crystal system orthorhombic 
Space group P212121 
Cell constants  
a (Å) 15.554(3) 
b (Å) 24.866(4) 























) 0.36 x 0.20 x 0.06 
Theta range for data collection 1.77 to 27.59° 
Index ranges 
-20 ≤ h ≤ 20, -32 ≤ k ≤ 32, -39 ≤ 
l ≤ 39 
Reflections collected 228813 
Independent collections 26612 [R(int) = 0.0684] 
Completeness to theta = 27.52
o
 99.30% 
Absorption correction Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.4641 
Refinement method Full-matrix least-squares on F
2
 




Final R indices [I>2sigma(I)] R1 = 0.0644, wR2 = 0.1627 
R indices (all data) R1 = 0.0889, wR2 = 0.1740 
Largest diff. peak and hole (e.Å
–3
) 3.334 and -2.311 
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Table 5.4.5. Bond lengths for compound 5.1 (Å). 
U1-O4  2.2939(17) U1-O6  2.2969(17) U1-O2  2.3110(19) 
U1-O5  2.3131(18) U1-O1  2.3274(18) U1-O3  2.3676(19) 
U1-Cl1  2.6718(7) U1-Li3  3.205(5) U1-Li2  3.262(5) 
U1-Li1  3.304(5) O1-C1  1.347(3) O1-Li3  1.898(5) 
O2-C20  1.346(3) O2-Li1  1.931(5) O3-C21  1.339(3) 
O3-Li1  1.888(5) O4-C40  1.347(3) O4-Li2  1.922(5) 
O5-C41  1.341(3) O5-Li2  1.902(5) O6-C60  1.343(3) 
O6-Li3  1.925(5) O7-C64  1.413(5) O7-C61  1.462(5) 
O7-Li1  1.951(6) O8-C68  1.420(6) O8-C65  1.420(5) 
O8-Li1  1.926(6) O9-C69  1.429(4) O9-C72  1.437(4) 
O9-Li2  1.965(5) O10-C76  1.404(5) O10-C73  1.460(6) 
O10-C73'  1.498(13) O10-Li2  1.917(5) O11-C77  1.431(4) 
O11-C80  1.441(4) O11-Li3  1.879(5) O12-C81  1.419(11) 
O12-C84  1.532(13) C1-C10  1.387(4) C1-C2  1.415(3) 
C2-C3  1.356(4) C3-C4  1.419(5) C4-C5  1.423(4) 
C4-C9  1.426(4) C5-C6  1.361(6) C6-C7  1.370(6) 
C7-C8  1.379(5) C8-C9  1.409(4) C9-C10  1.427(4) 
C10-C11  1.495(3) C11-C20  1.385(4) C11-C12  1.436(4) 
C12-C17  1.417(4) C12-C13  1.424(4) C13-C14  1.365(4) 
C14-C15  1.405(5) C15-C16  1.373(5) C16-C17  1.416(4) 
C17-C18  1.418(4) C18-C19  1.361(4) C19-C20  1.420(4) 
C21-C30  1.394(4) C21-C22  1.418(4) C22-C23  1.359(5) 
C23-C24  1.411(5) C24-C25  1.418(4) C24-C29  1.430(4) 
C25-C26  1.335(6) C26-C27  1.419(6) C27-C28  1.367(4) 
C28-C29  1.421(4) C29-C30  1.428(4) C30-C31  1.492(4) 
C31-C40  1.387(4) C31-C32  1.442(4) C32-C33  1.421(4) 
C32-C37  1.425(4) C33-C34  1.363(5) C34-C35  1.410(5) 
C35-C36  1.365(5) C36-C37  1.414(4) C37-C38  1.404(4) 
C38-C39  1.362(4) C39-C40  1.423(4) C41-C50  1.384(4) 
C41-C42  1.426(3) C42-C43  1.360(4) C43-C44  1.404(4) 
C44-C45  1.421(4) C44-C49  1.429(4) C45-C46  1.361(5) 
C46-C47  1.384(5) C47-C48  1.379(4) C48-C49  1.414(4) 
C49-C50  1.447(4) C50-C51  1.505(3) C51-C60  1.393(4) 
C51-C52  1.441(4) C52-C53  1.403(4) C52-C57  1.434(4) 
C53-C54  1.388(4) C54-C55  1.384(5) C55-C56  1.362(5) 
C56-C57  1.423(4) C57-C58  1.411(4) C58-C59  1.360(4) 
C59-C60  1.428(3) C60-Li3  2.719(6) C61-C62  1.471(5) 
C62-C63  1.474(7) C63-C64  1.507(6) C65-C66  1.548(7) 
C66-C67'  1.523(9) C66-C67  1.530(9) C67-C68  1.502(9) 
C67'-C68  1.497(9) C69-C70  1.503(6) C70-C71  1.502(7) 
C71-C72  1.517(6) C73-C74  1.524(8) C73'-C74  1.385(15) 
C73'-Li2  2.696(14) C74-C75  1.486(7) C75-C76  1.518(5) 
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C77-C78  1.499(6) C78-C79  1.553(7) C79-C80  1.443(6) 
C81-C82  1.495(12) C82-C83  1.431(15) C83-C84  1.516(14) 
 
Table 5.4.6. Bond angles for compound 5.1 (
o
). 
O4-U1-O6 88.02(6) O4-U1-O2 123.04(6) O6-U1-O2 84.55(6) 
O4-U1-O5 69.58(6) O6-U1-O5 76.12(6) O2-U1-O5 156.81(6) 
O4-U1-O1 152.96(6) O6-U1-O1 71.35(6) O2-U1-O1 73.40(7) 
O5-U1-O1 88.17(6) O4-U1-O3 73.94(6) O6-U1-O3 128.28(6) 
O2-U1-O3 67.63(7) O5-U1-O3 135.00(6) O1-U1-O3 132.61(6) 
O4-U1-Cl1 106.95(5) O6-U1-Cl1 149.39(5) O2-U1-Cl1 107.49(5) 
O5-U1-Cl1 84.20(5) O1-U1-Cl1 85.00(5) O3-U1-Cl1 82.06(5) 
O4-U1-Li3 124.16(10) O6-U1-Li3 36.45(10) O2-U1-Li3 70.12(12) 
O5-U1-Li3 86.69(12) O1-U1-Li3 35.88(10) O3-U1-Li3 136.61(12) 
Cl1-U1-Li3 120.42(10) O4-U1-Li2 35.33(9) O6-U1-Li2 85.45(10) 
O2-U1-Li2 156.55(10) O5-U1-Li2 34.92(9) O1-U1-Li2 122.84(10) 
O3-U1-Li2 102.99(10) Cl1-U1-Li2 91.71(9) Li3-U1-Li2 111.98(14) 
O4-U1-Li1 103.70(10) O6-U1-Li1 113.87(10) O2-U1-Li1 34.86(10) 
O5-U1-Li1 168.31(10) O1-U1-Li1 100.64(10) O3-U1-Li1 34.08(10) 
Cl1-U1-Li1 88.89(9) Li3-U1-Li1 104.96(14) Li2-U1-Li1 136.41(13) 
C1-O1-Li3 119.9(2) C1-O1-U1 125.39(16) Li3-O1-U1 98.16(17) 
C20-O2-Li1 129.3(2) C20-O2-U1 128.71(17) Li1-O2-U1 101.96(16) 
C21-O3-Li1 129.6(2) C21-O3-U1 126.56(16) Li1-O3-U1 101.27(17) 
C40-O4-Li2 130.9(2) C40-O4-U1 125.44(15) Li2-O4-U1 101.01(16) 
C41-O5-Li2 139.0(2) C41-O5-U1 117.93(14) Li2-O5-U1 100.96(16) 
C60-O6-Li3 111.4(2) C60-O6-U1 134.63(15) Li3-O6-U1 98.41(16) 
C64-O7-C61 107.4(3) C64-O7-Li1 116.9(3) C61-O7-Li1 119.5(3) 
C68-O8-C65 110.7(4) C68-O8-Li1 118.6(4) C65-O8-Li1 128.6(4) 
C38-C39-C40 120.9(3) O4-C40-C31 122.3(2) O4-C40-C39 117.3(3) 
C31-C40-C39 120.3(2) O5-C41-C50 121.8(2) O5-C41-C42 117.7(2) 
C50-C41-C42 120.5(2) C43-C42-C41 120.9(3) C42-C43-C44 121.0(3) 
C43-C44-C45 122.3(3) C43-C44-C49 119.1(2) C45-C44-C49 118.6(3) 
C46-C45-C44 121.1(3) C45-C46-C47 120.7(3) C48-C47-C46 120.4(3) 
C47-C48-C49 121.1(3) C48-C49-C44 118.0(2) C48-C49-C50 122.5(2) 
C44-C49-C50 119.5(2) C41-C50-C49 118.7(2) C41-C50-C51 121.3(2) 
C49-C50-C51 120.0(2) C60-C51-C52 119.4(2) C60-C51-C50 121.1(2) 
C52-C51-C50 119.5(2) C53-C52-C57 117.4(3) C53-C52-C51 123.0(2) 
C57-C52-C51 119.5(2) C54-C53-C52 121.6(3) C55-C54-C53 120.7(3) 
C56-C55-C54 119.9(3) C55-C56-C57 121.4(3) C58-C57-C56 122.1(3) 
C58-C57-C52 118.9(2) C56-C57-C52 119.0(3) C59-C58-C57 120.9(2) 
C58-C59-C60 121.6(3) O6-C60-C51 123.5(2) O6-C60-C59 117.0(2) 
C51-C60-C59 119.5(2) O6-C60-Li3 41.24(16) C51-C60-Li3 99.2(2) 
C59-C60-Li3 125.6(2) O7-C61-C62 106.4(3) C61-C62-C63 107.1(4) 
C62-C63-C64 105.7(3) O7-C64-C63 106.4(4) O8-C65-C66 99.9(5) 
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C67'-C66-C67 36.7(10) C67'-C66-C65 110.9(7) C67-C66-C65 98.5(8) 
C68-C67-C66 99.0(7) C68-C67'-C66 99.6(8) O8-C68-C67' 110.9(7) 
O8-C68-C67 89.1(9) C67'-C68-C67 37.4(11) O9-C69-C70 104.7(3) 
C71-C70-C69 102.4(3) C70-C71-C72 101.9(3) O9-C72-C71 105.7(3) 
O10-C73-C74 102.3(5) C74-C73'-O10 107.4(10) C74-C73'-Li2 150.3(8) 
O10-C73'-Li2 43.7(4) C73'-C74-C75 107.1(6) C73'-C74-C73 39.8(7) 
C75-C74-C73 101.1(4) C74-C75-C76 105.1(4) O10-C76-C75 107.0(4) 
O11-C77-C78 106.5(3) C77-C78-C79 104.3(3) C80-C79-C78 102.6(4) 
O11-C80-C79 105.5(4) O12-C81-C82 105.2(9) C83-C82-C81 105.1(9) 
C82-C83-C84 112.3(8) C83-C84-O12 97.8(9) O3-Li1-O8 114.6(3) 
O3-Li1-O2 86.0(2) O8-Li1-O2 117.8(3) O3-Li1-O7 118.4(3) 
O8-Li1-O7 105.7(3) O2-Li1-O7 114.1(3) O3-Li1-U1 44.65(12) 
O8-Li1-U1 137.1(2) O2-Li1-U1 43.17(11) O7-Li1-U1 117.2(2) 
O5-Li2-O10 126.8(3) O5-Li2-O4 86.9(2) O10-Li2-O4 123.7(3) 
O5-Li2-O9 110.4(2) O10-Li2-O9 98.2(2) O4-Li2-O9 111.0(3) 
O5-Li2-C73' 100.9(4) O10-Li2-C73' 32.7(3) O4-Li2-C73' 152.0(4) 
O9-Li2-C73' 91.7(4) O5-Li2-U1 44.12(11) O10-Li2-U1 149.7(2) 
O4-Li2-U1 43.65(11) O9-Li2-U1 112.0(2) C73'-Li2-U1 142.1(4) 
O11-Li3-O1 155.4(3) O11-Li3-O6 114.7(3) O1-Li3-O6 89.7(2) 
O11-Li3-C60 94.2(2) O1-Li3-C60 107.9(2) O6-Li3-C60 27.38(11) 
O11-Li3-U1 158.4(3) O1-Li3-U1 45.96(12) O6-Li3-U1 45.15(11) 
C60-Li3-U1 68.98(12)     
 
Table 5.4.7. Bond lengths for compound 5.2 (Å). 
U1-O4  2.292(5) U1-O3  2.295(5) U1-O1  2.303(5) 
U1-O2  2.321(5) U1-O6  2.338(5) U1-O5  2.340(5) 
U1-Cl1  2.7326(17) U1-Li2  3.254(16) U1-Li3  3.282(11) 
U1-Li1  3.312(16) O1-C1  1.350(9) O1-Li3  1.930(14) 
O2-C20  1.343(9) O2-Li1  1.888(16) O3-C21  1.344(8) 
O3-Li1  1.966(17) O4-C40  1.321(11) O4-Li2  1.90(2) 
O5-C41  1.342(10) O5-Li2  1.879(16) O6-C60  1.338(9) 
O6-Li3  1.921(13) N1-C63  1.447(17) N1-C61  1.457(15) 
N1-Li1  2.188(17) N2-C64  1.36(2) N2-C62  1.451(16) 
N2-Li1  2.05(2) N3-C65  1.476(17) N3-C67  1.48(2) 
N3-Li2  2.151(17) N4-C68  1.38(3) N4-C66  1.43(2) 
N4-Li2  2.05(2) N5-C69  1.443(13) N5-C71  1.455(17) 
N5-Li3  2.153(13) N6-C70  1.442(15) N6-C72  1.442(16) 
N6-Li3  2.100(15) C1-C10  1.367(12) C1-C2  1.400(13) 
C2-C3  1.348(14) C3-C4  1.438(17) C4-C9  1.407(15) 
C4-C5  1.413(14) C5-C6  1.334(19) C6-C7  1.346(19) 
C7-C8  1.383(15) C8-C9  1.432(13) C9-C10  1.424(12) 
C10-C11  1.510(15) C11-C20  1.407(13) C11-C12  1.432(12) 
C12-C17  1.433(16) C12-C13  1.446(14) C13-C14  1.373(14) 
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C14-C15  1.42(2) C15-C16  1.39(2) C16-C17  1.462(13) 
C17-C18  1.412(17) C18-C19  1.376(14) C19-C20  1.390(13) 
C21-C30  1.346(10) C21-C22  1.458(10) C22-C23  1.334(12) 
C23-C24  1.411(13) C24-C25  1.439(12) C24-C29  1.445(11) 
C25-C26  1.377(15) C26-C27  1.336(14) C27-C28  1.373(11) 
C28-C29  1.421(11) C29-C30  1.435(9) C30-C31  1.507(8) 
C31-C32  1.400(11) C31-C40  1.421(11) C32-C33  1.432(14) 
C32-C37  1.438(12) C33-C34  1.363(13) C34-C35  1.44(2) 
C35-C36  1.33(3) C36-C37  1.421(19) C37-C38  1.407(17) 
C38-C39  1.365(17) C39-C40  1.429(11) C41-C50  1.383(11) 
C41-C42  1.444(12) C42-C43  1.340(14) C43-C44  1.426(14) 
C44-C45  1.384(14) C44-C49  1.440(11) C45-C46  1.378(16) 
C46-C47  1.436(14) C47-C48  1.354(12) C48-C49  1.434(11) 
C49-C50  1.432(11) C50-C51  1.496(11) C51-C60  1.378(11) 
C51-C52  1.436(11) C52-C53  1.391(13) C52-C57  1.424(12) 
C53-C54  1.405(13) C54-C55  1.348(17) C55-C56  1.378(17) 
C56-C57  1.413(14) C57-C58  1.376(14) C58-C59  1.354(13) 
C59-C60  1.438(11) C61-C62  1.535(15) C62-Li1  2.77(2) 
C65-C66  1.587(18) C66-Li2  2.72(2) C69-C70  1.422(13) 
U1'-O6'  2.294(5) U1'-O4'  2.297(5) U1'-O5'  2.302(6) 
U1'-O3'  2.307(5) U1'-O2'  2.326(5) U1'-O1'  2.349(5) 
U1'-Cl1'  2.699(2) U1'-Li2'  3.234(16) U1'-Li3'  3.233(16) 
U1'-Li1'  3.256(14) O1'-C1'  1.343(10) O1'-Li3'  1.920(18) 
O2'-C20'  1.334(10) O2'-Li1'  1.949(16) O3'-C21'  1.318(11) 
O3'-Li1'  1.905(18) O4'-C40'  1.340(9) O4'-Li2'  1.896(17) 
O5'-C41'  1.350(9) O5'-Li2'  1.902(15) O6'-C60'  1.373(9) 
O6'-Li3'  1.906(16) N1'-C61'  1.435(14) N1'-C63'  1.465(16) 
N1'-Li1'  2.079(16) N2'-C62'  1.454(15) N2'-C64'  1.471(17) 
N2'-Li1'  2.105(16) N3'-C65'  1.438(15) N3'-C67'  1.453(19) 
N3'-Li2'  2.163(18) N4'-C68'  1.481(16) N4'-C66'  1.492(16) 
N4'-Li2'  2.087(18) N5'-C69'  1.442(13) N5'-C71'  1.491(17) 
N5'-Li3'  2.054(19) N6'-C72'  1.460(18) N6'-C70'  1.501(16) 
N6'-Li3'  2.095(19) C1'-C10'  1.344(13) C1'-C2'  1.423(12) 
C2'-C3'  1.369(15) C3'-C4'  1.396(17) C4'-C5'  1.426(15) 
C4'-C9'  1.422(14) C5'-C6'  1.39(2) C6'-C7'  1.38(2) 
C7'-C8'  1.381(15) C8'-C9'  1.429(14) C9'-C10'  1.450(13) 
C10'-C11'  1.521(13) C11'-C20'  1.384(11) C11'-C12'  1.433(12) 
C12'-C13'  1.412(13) C12'-C17'  1.426(14) C13'-C14'  1.381(15) 
C14'-C15'  1.44(2) C15'-C16'  1.329(18) C16'-C17'  1.431(13) 
C17'-C18'  1.385(14) C18'-C19'  1.356(12) C19'-C20'  1.418(12) 
C21'-C30'  1.394(15) C21'-C22'  1.436(13) C22'-C23'  1.364(18) 
C23'-C24'  1.40(2) C24'-C25'  1.416(17) C24'-C29'  1.430(16) 
C25'-C26'  1.30(2) C26'-C27'  1.43(2) C27'-C28'  1.379(14) 
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C28'-C29'  1.420(16) C29'-C30'  1.428(12) C30'-C31'  1.512(14) 
C31'-C40'  1.409(10) C31'-C32'  1.411(12) C32'-C37'  1.401(14) 
C32'-C33'  1.431(12) C33'-C34'  1.342(16) C34'-C35'  1.44(2) 
C35'-C36'  1.37(2) C36'-C37'  1.457(13) C37'-C38'  1.448(14) 
C38'-C39'  1.344(13) C39'-C40'  1.430(12) C41'-C50'  1.373(10) 
C41'-C42'  1.462(10) C42'-C43'  1.341(12) C43'-C44'  1.425(14) 
C44'-C45'  1.415(13) C44'-C49'  1.421(12) C45'-C46'  1.345(16) 
C46'-C47'  1.402(15) C47'-C48'  1.350(12) C48'-C49'  1.442(13) 
C49'-C50'  1.437(10) C50'-C51'  1.499(8) C51'-C60'  1.385(9) 
C51'-C52'  1.444(11) C52'-C53'  1.402(10) C52'-C57'  1.443(11) 
C53'-C54'  1.391(13) C54'-C55'  1.391(14) C55'-C56'  1.349(13) 
C56'-C57'  1.391(12) C57'-C58'  1.436(11) C58'-C59'  1.338(11) 
C59'-C60'  1.398(9) C61'-C62'  1.430(14) C62'-Li1'  2.775(17) 
C65'-C66'  1.538(15) C66'-Li2'  2.77(2) C69'-C70'  1.493(14) 
C69'-Li3'  2.78(2) C70'-Li3'  2.766(19)   
 
Table 5.4.8. Bond angles for compound 5.2 (
o
). 
O4-U1-O3 75.67(18) O4-U1-O1 156.2(2) O3-U1-O1 114.82(16) 
O4-U1-O2 89.3(2) O3-U1-O2 69.06(18) O1-U1-O2 75.97(17) 
O4-U1-O6 89.48(19) O3-U1-O6 147.34(19) O1-U1-O6 70.23(19) 
O2-U1-O6 82.04(18) O4-U1-O5 69.5(2) O3-U1-O5 124.14(17) 
O1-U1-O5 114.66(17) O2-U1-O5 148.28(19) O6-U1-O5 74.72(17) 
O4-U1-Cl1 120.97(16) O3-U1-Cl1 81.23(14) O1-U1-Cl1 82.58(14) 
O2-U1-Cl1 130.73(15) O6-U1-Cl1 130.73(14) O5-U1-Cl1 80.98(14) 
O4-U1-Li2 34.9(4) O3-U1-Li2 100.6(3) O1-U1-Li2 144.5(3) 
O2-U1-Li2 121.1(4) O6-U1-Li2 81.1(3) O5-U1-Li2 34.6(4) 
Cl1-U1-Li2 101.9(4) O4-U1-Li3 124.2(3) O3-U1-Li3 142.5(3) 
O1-U1-Li3 35.2(3) O2-U1-Li3 79.0(3) O6-U1-Li3 35.2(3) 
O5-U1-Li3 93.4(3) Cl1-U1-Li3 107.0(2) Li2-U1-Li3 112.8(4) 
O4-U1-Li1 78.7(3) O3-U1-Li1 35.5(3) O1-U1-Li1 97.6(3) 
O2-U1-Li1 33.7(3) O6-U1-Li1 113.6(3) O5-U1-Li1 147.2(3) 
Cl1-U1-Li1 110.0(3) Li2-U1-Li1 113.1(5) Li3-U1-Li1 111.4(4) 
C1-O1-Li3 130.3(6) C1-O1-U1 118.4(4) Li3-O1-U1 101.3(4) 
C20-O2-Li1 127.5(7) C20-O2-U1 128.4(5) Li1-O2-U1 103.3(5) 
C21-O3-Li1 125.5(6) C21-O3-U1 122.7(4) Li1-O3-U1 101.7(5) 
C40-O4-Li2 128.9(7) C40-O4-U1 129.4(5) Li2-O4-U1 101.4(5) 
C41-O5-Li2 133.9(7) C41-O5-U1 118.9(4) Li2-O5-U1 100.4(6) 
C60-O6-Li3 126.3(6) C60-O6-U1 129.8(4) Li3-O6-U1 100.3(4) 
C63-N1-C61 112.1(10) C63-N1-Li1 126.7(9) C61-N1-Li1 101.4(8) 
C64-N2-C62 112.8(14) C64-N2-Li1 120.2(10) C62-N2-Li1 103.2(9) 
C65-N3-C67 108.8(14) C65-N3-Li2 102.8(10) C67-N3-Li2 130.7(10) 
C68-N4-C66 121(2) C68-N4-Li2 120.6(12) C66-N4-Li2 101.4(11) 
C69-N5-C71 111.1(12) C69-N5-Li3 103.7(7) C71-N5-Li3 116.1(8) 
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C70-N6-C72 109.7(10) C70-N6-Li3 103.7(8) C72-N6-Li3 114.3(8) 
O1-C1-C10 121.4(8) O1-C1-C2 118.9(8) C10-C1-C2 119.6(8) 
C3-C2-C1 121.2(10) C2-C3-C4 121.1(11) C9-C4-C5 119.8(11) 
C9-C4-C3 117.7(9) C5-C4-C3 122.4(12) C6-C5-C4 122.6(13) 
C5-C6-C7 118.3(11) C6-C7-C8 123.5(11) C7-C8-C9 119.5(12) 
C4-C9-C10 119.4(9) C4-C9-C8 116.2(9) C10-C9-C8 124.4(10) 
C1-C10-C9 120.8(9) C1-C10-C11 119.8(8) C9-C10-C11 119.3(8) 
C20-C11-C12 116.7(10) C20-C11-C10 122.4(7) C12-C11-C10 120.8(9) 
C11-C12-C17 120.5(9) C11-C12-C13 121.2(10) C17-C12-C13 118.3(8) 
C14-C13-C12 121.8(13) C13-C14-C15 119.9(13) C16-C15-C14 121.2(10) 
C15-C16-C17 119.7(13) C18-C17-C12 120.3(8) C18-C17-C16 120.7(11) 
C12-C17-C16 119.0(11) C19-C18-C17 117.7(11) C18-C19-C20 123.2(10) 
O2-C20-C19 119.8(8) O2-C20-C11 118.9(8) C19-C20-C11 121.1(8) 
O3-C21-C30 122.7(6) O3-C21-C22 117.6(6) C30-C21-C22 119.6(7) 
C23-C22-C21 120.4(7) C22-C23-C24 121.6(7) C23-C24-C25 123.7(8) 
C23-C24-C29 118.8(7) C25-C24-C29 117.5(8) C26-C25-C24 121.5(9) 
C27-C26-C25 120.0(8) C26-C27-C28 122.6(9) C27-C28-C29 120.9(8) 
C28-C29-C30 124.6(7) C28-C29-C24 117.5(7) C30-C29-C24 118.0(7) 
C21-C30-C29 121.2(6) C21-C30-C31 119.5(6) C29-C30-C31 119.3(6) 
C32-C31-C40 120.2(6) C32-C31-C30 121.0(6) C40-C31-C30 118.8(6) 
C31-C32-C33 122.9(7) C31-C32-C37 120.1(9) C33-C32-C37 117.0(9) 
C34-C33-C32 121.5(11) C33-C34-C35 120.8(13) C36-C35-C34 118.4(12) 
C35-C36-C37 123.6(15) C38-C37-C36 123.0(12) C38-C37-C32 118.4(10) 
C36-C37-C32 118.6(13) C39-C38-C37 121.5(8) C38-C39-C40 121.0(10) 
O4-C40-C31 123.1(7) O4-C40-C39 118.5(8) C31-C40-C39 118.4(9) 
O5-C41-C50 121.6(7) O5-C41-C42 119.8(8) C50-C41-C42 118.5(8) 
C43-C42-C41 122.0(9) C42-C43-C44 121.1(8) C45-C44-C43 122.6(9) 
C45-C44-C49 119.4(9) C43-C44-C49 118.1(8) C46-C45-C44 122.7(9) 
C45-C46-C47 118.3(9) C48-C47-C46 120.6(10) C47-C48-C49 121.6(8) 
C50-C49-C48 123.0(7) C50-C49-C44 119.5(8) C48-C49-C44 117.4(8) 
C41-C50-C49 120.5(7) C41-C50-C51 118.7(7) C49-C50-C51 120.8(7) 
C60-C51-C52 119.5(7) C60-C51-C50 120.5(7) C52-C51-C50 120.0(7) 
C53-C52-C57 118.4(8) C53-C52-C51 122.2(8) C57-C52-C51 119.3(8) 
C52-C53-C54 121.5(10) C55-C54-C53 120.1(11) C54-C55-C56 120.1(10) 
C55-C56-C57 122.0(10) C58-C57-C56 123.4(9) C58-C57-C52 118.9(8) 
C56-C57-C52 117.7(10) C59-C58-C57 122.7(8) C58-C59-C60 119.7(8) 
O6-C60-C51 121.8(7) O6-C60-C59 118.4(7) C51-C60-C59 119.8(7) 
N1-C61-C62 109.4(10) N2-C62-C61 108.0(12) N2-C62-Li1 46.2(6) 
C61-C62-Li1 77.4(8) N3-C65-C66 104.0(13) N4-C66-C65 109.9(18) 
N4-C66-Li2 47.5(7) C65-C66-Li2 78.6(9) C70-C69-N5 117.0(11) 
C69-C70-N6 118.7(9) O2-Li1-O3 85.5(7) O2-Li1-N2 119.1(9) 
O3-Li1-N2 103.7(8) O2-Li1-N1 115.6(8) O3-Li1-N1 149.6(9) 
N2-Li1-N1 85.5(7) O2-Li1-C62 139.3(9) O3-Li1-C62 120.5(8) 
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N2-Li1-C62 30.7(5) N1-Li1-C62 57.6(5) O2-Li1-U1 43.0(4) 
O3-Li1-U1 42.7(3) N2-Li1-U1 122.7(7) N1-Li1-U1 149.3(8) 
C62-Li1-U1 152.6(7) O5-Li2-O4 88.7(7) O5-Li2-N4 107.4(10) 
O4-Li2-N4 113.0(10) O5-Li2-N3 147.2(9) O4-Li2-N3 113.4(10) 
N4-Li2-N3 86.8(8) O5-Li2-C66 124.5(11) O4-Li2-C66 132.1(10) 
N4-Li2-C66 31.1(6) N3-Li2-C66 58.0(7) O5-Li2-U1 45.0(4) 
O4-Li2-U1 43.7(4) N4-Li2-U1 117.9(7) N3-Li2-U1 150.2(9) 
C66-Li2-U1 148.9(8) O6-Li3-O1 87.8(5) O6-Li3-N6 128.1(7) 
O1-Li3-N6 102.0(6) O6-Li3-N5 115.8(7) O1-Li3-N5 142.6(8) 
N6-Li3-N5 86.2(5) O6-Li3-U1 44.5(3) O1-Li3-U1 43.5(3) 
N6-Li3-U1 121.6(5) N5-Li3-U1 151.7(6) O6'-U1'-O4' 89.03(17) 
O6'-U1'-O5' 76.16(18) O4'-U1'-O5' 70.13(18) O6'-U1'-O3' 156.9(2) 
O4'-U1'-O3' 75.96(19) O5'-U1'-O3' 113.77(18) O6'-U1'-O2' 90.73(17) 
O4'-U1'-O2' 84.87(18) O5'-U1'-O2' 151.67(19) O3'-U1'-O2' 70.7(2) 
O6'-U1'-O1' 70.76(19) O4'-U1'-O1' 151.61(17) O5'-U1'-O1' 121.16(18) 
O3'-U1'-O1' 115.7(2) O2'-U1'-O1' 75.94(18) O6'-U1'-Cl1' 120.64(15) 
O4'-U1'-Cl1' 129.92(13) O5'-U1'-Cl1' 78.69(15) O3'-U1'-Cl1' 82.38(18) 
O2'-U1'-Cl1' 129.08(15) O1'-U1'-Cl1' 78.36(15) O6'-U1'-Li2' 85.1(3) 
O4'-U1'-Li2' 35.2(3) O5'-U1'-Li2' 35.4(3) O3'-U1'-Li2' 92.1(3) 
O2'-U1'-Li2' 119.8(3) O1'-U1'-Li2' 151.9(3) Cl1'-U1'-Li2' 103.1(3) 
O6'-U1'-Li3' 35.5(3) O4'-U1'-Li3' 123.8(3) O5'-U1'-Li3' 95.5(4) 
O3'-U1'-Li3' 149.7(4) O2'-U1'-Li3' 87.3(4) O1'-U1'-Li3' 36.0(3) 
Cl1'-U1'-Li3' 96.8(3) Li2'-U1'-Li3' 117.3(4) O6'-U1'-Li1' 126.8(3) 
O4'-U1'-Li1' 83.1(4) O5'-U1'-Li1' 145.1(4) O3'-U1'-Li1' 35.1(4) 
O2'-U1'-Li1' 36.3(3) O1'-U1'-Li1' 93.0(4) Cl1'-U1'-Li1' 103.7(2) 
Li2'-U1'-Li1' 113.4(5) Li3'-U1'-Li1' 118.3(5) C1'-O1'-Li3' 138.2(8) 
C1'-O1'-U1' 118.9(5) Li3'-O1'-U1' 98.0(5) C20'-O2'-Li1' 132.3(7) 
C20'-O2'-U1' 125.1(5) Li1'-O2'-U1' 98.8(5) C21'-O3'-Li1' 132.5(9) 
C21'-O3'-U1' 120.0(5) Li1'-O3'-U1' 100.8(6) C40'-O4'-Li2' 128.1(7) 
C40'-O4'-U1' 127.5(5) Li2'-O4'-U1' 100.5(5) C41'-O5'-Li2' 131.0(7) 
C41'-O5'-U1' 122.6(4) Li2'-O5'-U1' 100.1(6) C60'-O6'-Li3' 131.8(7) 
C60'-O6'-U1' 126.1(4) Li3'-O6'-U1' 100.3(6) C61'-N1'-C63' 111.1(11) 
C61'-N1'-Li1' 106.3(7) C63'-N1'-Li1' 115.4(8) C62'-N2'-C64' 108.3(11) 
C62'-N2'-Li1' 100.9(8) C64'-N2'-Li1' 114.5(10) C65'-N3'-C67' 112.6(11) 
C65'-N3'-Li2' 102.9(9) C67'-N3'-Li2' 118.9(9) C68'-N4'-C66' 112.6(10) 
C68'-N4'-Li2' 118.2(8) C66'-N4'-Li2' 100.0(8) C69'-N5'-C71' 109.5(9) 
C69'-N5'-Li3' 103.8(9) C71'-N5'-Li3' 115.5(8) C72'-N6'-C70' 112.0(10) 
C72'-N6'-Li3' 119.6(10) C70'-N6'-Li3' 99.2(8) O1'-C1'-C10' 121.5(8) 
O1'-C1'-C2' 119.5(8) C10'-C1'-C2' 119.0(8) C3'-C2'-C1' 121.3(10) 
C2'-C3'-C4' 120.5(10) C3'-C4'-C5' 121.5(12) C3'-C4'-C9' 119.7(9) 
C5'-C4'-C9' 118.9(11) C6'-C5'-C4' 119.7(13) C7'-C6'-C5' 121.0(12) 
C6'-C7'-C8' 121.2(13) C7'-C8'-C9' 119.7(12) C4'-C9'-C8' 119.4(9) 
C4'-C9'-C10' 117.6(9) C8'-C9'-C10' 123.0(9) C1'-C10'-C9' 121.6(9) 
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C1'-C10'-C11' 118.9(8) C9'-C10'-C11' 119.3(8) C20'-C11'-C12' 119.0(8) 
C20'-C11'-C10' 119.7(8) C12'-C11'-C10' 121.2(7) C13'-C12'-C17' 117.1(9) 
C13'-C12'-C11' 122.2(9) C17'-C12'-C11' 120.6(8) C14'-C13'-C12' 122.5(12) 
C13'-C14'-C15' 119.1(11) C16'-C15'-C14' 119.5(11) C15'-C16'-C17' 122.5(12) 
C18'-C17'-C12' 117.7(8) C18'-C17'-C16' 123.1(10) C12'-C17'-C16' 119.1(10) 
C19'-C18'-C17' 121.9(9) C18'-C19'-C20' 121.7(9) O2'-C20'-C11' 121.2(8) 
O2'-C20'-C19' 119.7(8) C11'-C20'-C19' 119.0(8) O3'-C21'-C30' 121.1(8) 
O3'-C21'-C22' 119.2(10) C30'-C21'-C22' 119.6(10) C23'-C22'-C21' 117.3(13) 
C22'-C23'-C24' 125.9(12) C23'-C24'-C25' 124.7(12) C23'-C24'-C29' 116.1(10) 
C25'-C24'-C29' 119.2(14) C26'-C25'-C24' 124.0(14) C25'-C26'-C27' 117.9(12) 
C28'-C27'-C26' 121.5(14) C27'-C28'-C29' 120.4(12) C28'-C29'-C24' 116.8(10) 
C28'-C29'-C30' 123.5(10) C24'-C29'-C30' 119.6(11) C21'-C30'-C29' 120.7(10) 
C21'-C30'-C31' 119.4(7) C29'-C30'-C31' 119.6(10) C40'-C31'-C32' 118.9(8) 
C40'-C31'-C30' 119.5(8) C32'-C31'-C30' 121.7(7) C37'-C32'-C31' 121.0(8) 
C37'-C32'-C33' 116.4(9) C31'-C32'-C33' 122.4(9) C34'-C33'-C32' 123.0(12) 
C33'-C34'-C35' 118.6(11) C36'-C35'-C34' 123.4(10) C35'-C36'-C37' 115.2(12) 
C32'-C37'-C38' 118.5(8) C32'-C37'-C36' 123.3(10) C38'-C37'-C36' 118.2(10) 
C39'-C38'-C37' 120.8(9) C38'-C39'-C40' 120.6(8) O4'-C40'-C31' 121.1(7) 
O4'-C40'-C39' 118.9(7) C31'-C40'-C39' 120.1(8) O5'-C41'-C50' 121.7(6) 
O5'-C41'-C42' 118.9(7) C50'-C41'-C42' 119.3(7) C43'-C42'-C41' 120.6(8) 
C42'-C43'-C44' 121.8(7) C45'-C44'-C49' 119.0(10) C45'-C44'-C43' 122.8(9) 
C49'-C44'-C43' 118.1(8) C46'-C45'-C44' 121.5(10) C45'-C46'-C47' 120.1(9) 
C48'-C47'-C46' 121.1(10) C47'-C48'-C49' 120.7(9) C44'-C49'-C50' 120.3(8) 
C44'-C49'-C48' 117.4(8) C50'-C49'-C48' 122.1(7) C41'-C50'-C49' 119.8(6) 
C41'-C50'-C51' 119.4(6) C49'-C50'-C51' 120.5(6) C60'-C51'-C52' 118.8(6) 
C60'-C51'-C50' 119.6(6) C52'-C51'-C50' 121.4(6) C53'-C52'-C51' 122.0(7) 
C53'-C52'-C57' 118.4(8) C51'-C52'-C57' 119.5(6) C54'-C53'-C52' 120.3(8) 
C55'-C54'-C53' 121.1(9) C56'-C55'-C54' 118.7(9) C55'-C56'-C57' 123.7(9) 
C56'-C57'-C58' 124.8(8) C56'-C57'-C52' 117.7(8) C58'-C57'-C52' 117.5(7) 
C59'-C58'-C57' 121.1(7) C58'-C59'-C60' 122.3(6) O6'-C60'-C51' 121.2(6) 
O6'-C60'-C59' 118.2(6) C51'-C60'-C59' 120.6(6) N1'-C61'-C62' 110.8(12) 
C61'-C62'-N2' 114.0(11) C61'-C62'-Li1' 77.7(7) N2'-C62'-Li1' 48.1(6) 
N3'-C65'-C66' 108.0(11) N4'-C66'-C65' 109.0(10) N4'-C66'-Li2' 47.9(6) 
C65'-C66'-Li2' 77.1(7) N5'-C69'-C70' 107.4(10) N5'-C69'-Li3' 45.9(6) 
C70'-C69'-Li3' 74.0(7) C69'-C70'-N6' 112.0(10) C69'-C70'-Li3' 74.8(7) 
N6'-C70'-Li3' 48.4(6) O3'-Li1'-O2' 88.2(6) O3'-Li1'-N1' 139.7(13) 
O2'-Li1'-N1' 116.0(7) O3'-Li1'-N2' 104.5(7) O2'-Li1'-N2' 129.5(12) 
N1'-Li1'-N2' 85.0(6) O3'-Li1'-C62' 118.4(7) O2'-Li1'-C62' 147.5(11) 
N1'-Li1'-C62' 56.0(5) N2'-Li1'-C62' 31.0(4) O3'-Li1'-U1' 44.1(3) 
O2'-Li1'-U1' 44.9(3) N1'-Li1'-U1' 153.0(6) N2'-Li1'-U1' 121.5(7) 
C62'-Li1'-U1' 151.0(6) O4'-Li2'-O5' 88.2(7) O4'-Li2'-N4' 131.2(9) 
O5'-Li2'-N4' 104.4(7) O4'-Li2'-N3' 113.0(8) O5'-Li2'-N3' 140.9(9) 
N4'-Li2'-N3' 86.3(7) O4'-Li2'-C66' 149.5(8) O5'-Li2'-C66' 118.0(8) 
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N4'-Li2'-C66' 32.1(5) N3'-Li2'-C66' 56.9(6) O4'-Li2'-U1' 44.3(4) 
O5'-Li2'-U1' 44.5(4) N4'-Li2'-U1' 123.8(7) N3'-Li2'-U1' 149.3(7) 
C66'-Li2'-U1' 153.7(7) O6'-Li3'-O1' 89.3(7) O6'-Li3'-N5' 120.3(9) 
O1'-Li3'-N5' 136.8(10) O6'-Li3'-N6' 118.7(10) O1'-Li3'-N6' 105.5(8) 
N5'-Li3'-N6' 88.0(7) O6'-Li3'-C70' 138.3(9) O1'-Li3'-C70' 121.7(8) 
N5'-Li3'-C70' 56.5(5) N6'-Li3'-C70' 32.4(5) O6'-Li3'-C69' 123.1(8) 
O1'-Li3'-C69' 147.5(8) N5'-Li3'-C69' 30.3(4) N6'-Li3'-C69' 59.3(5) 
C70'-Li3'-C69' 31.2(3) O6'-Li3'-U1' 44.3(4) O1'-Li3'-U1' 46.0(4) 
N5'-Li3'-U1' 156.8(8) N6'-Li3'-U1' 114.4(7) C70'-Li3'-U1' 146.5(7) 
C69'-Li3'-U1' 163.8(8)     
 
Table 5.4.9. Bond lengths for compound 5.3 (Å). 
U1-O7  2.221(5) U1-O2  2.307(5) U1-O1  2.316(5) 
U1-O5  2.320(5) U1-O3  2.335(5) U1-O6  2.359(5) 
U1-O4  2.370(5) U1-Li1  3.134(18) U1-Li3  3.304(12) 
U1-Li2  3.338(16) Br1-C6  1.919(10) Br2-C15  1.916(9) 
Br3-C26  1.905(12) Br4-C35  1.900(9) Br5-C46  1.910(8) 
Br6-C55  1.903(10) Br7-C66  1.907(9) Br8-C75  1.887(10) 
O1-C1  1.342(10) O1-Li1  1.856(19) O2-C20  1.335(9) 
O2-Li3  1.917(13) O3-C21  1.337(9) O3-Li2  1.944(14) 
O4-C40  1.336(10) O4-Li1  1.794(17) O5-C41  1.332(9) 
O5-Li3  1.943(14) O6-C60  1.330(9) O6-Li2  1.873(19) 
O7-C61  1.354(9) O8-C80  1.374(11) O9-C81  1.427(14) 
O9-C84  1.449(17) O9-Li1  1.891(19) O10-C88  1.427(15) 
O10-C85  1.437(17) O10-Li2  1.926(17) O11-C92  1.420(15) 
O11-C89  1.445(13) O11-Li2  1.939(17) O12-C96  1.410(16) 
O12-C93  1.501(17) O12-Li3  1.939(15) O13-C100  1.402(13) 
O13-C97  1.425(14) O13-Li3  1.944(16) C1-C2  1.407(11) 
C1-C10  1.422(11) C1-Li1  2.70(2) C2-C3  1.363(13) 
C3-C4  1.412(13) C4-C5  1.410(12) C4-C9  1.415(12) 
C5-C6  1.363(15) C6-C7  1.356(15) C7-C8  1.352(14) 
C8-C9  1.422(12) C9-C10  1.407(11) C10-C11  1.485(11) 
C11-C20  1.402(11) C11-C12  1.460(11) C12-C13  1.385(12) 
C12-C17  1.407(12) C13-C14  1.372(11) C14-C15  1.372(13) 
C15-C16  1.388(13) C16-C17  1.422(12) C17-C18  1.406(12) 
C18-C19  1.364(12) C19-C20  1.414(11) C21-C30  1.371(11) 
C21-C22  1.419(12) C22-C23  1.331(15) C23-C24  1.436(17) 
C24-C29  1.374(15) C24-C25  1.443(17) C25-C26  1.40(2) 
C26-C27  1.31(2) C27-C28  1.395(14) C28-C29  1.439(14) 
C29-C30  1.429(12) C30-C31  1.499(10) C31-C40  1.390(11) 
C31-C32  1.408(11) C32-C33  1.390(11) C32-C37  1.421(12) 
C33-C34  1.378(13) C34-C35  1.396(15) C35-C36  1.347(14) 
C36-C37  1.410(12) C37-C38  1.443(12) C38-C39  1.344(12) 
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C39-C40  1.425(12) C41-C50  1.388(11) C41-C42  1.415(12) 
C42-C43  1.350(12) C43-C44  1.409(13) C44-C49  1.405(12) 
C44-C45  1.428(11) C45-C46  1.325(14) C46-C47  1.425(14) 
C47-C48  1.397(13) C48-C49  1.400(12) C49-C50  1.448(11) 
C50-C51  1.478(11) C51-C60  1.409(12) C51-C52  1.443(12) 
C52-C57  1.406(13) C52-C53  1.408(13) C53-C54  1.394(15) 
C54-C55  1.377(18) C55-C56  1.359(18) C56-C57  1.421(14) 
C57-C58  1.426(14) C58-C59  1.386(13) C59-C60  1.418(12) 
C61-C70  1.375(12) C61-C62  1.414(12) C62-C63  1.335(12) 
C63-C64  1.466(13) C64-C65  1.392(12) C64-C69  1.432(13) 
C65-C66  1.392(16) C66-C67  1.377(14) C67-C68  1.358(13) 
C68-C69  1.441(12) C69-C70  1.451(11) C70-C71  1.509(12) 
C71-C80  1.386(13) C71-C72  1.400(12) C72-C77  1.402(12) 
C72-C73  1.412(13) C73-C74  1.403(14) C74-C75  1.396(17) 
C75-C76  1.341(17) C76-C77  1.420(14) C77-C78  1.453(16) 
C78-C79  1.346(14) C79-C80  1.367(13) C81-C82  1.59(3) 
C82-C83  1.35(4) C83-C84  1.34(3) C85-C86  1.43(3) 
C86-C87  1.65(3) C87-C88  1.41(2) C89-C90  1.493(19) 
C90-C91  1.51(2) C91-C92  1.496(16) C93-C94  1.51(3) 
C94-C95  1.28(3) C95-C96  1.57(3) C97-C98  1.487(17) 
C98-C99  1.49(2) C99-C100  1.48(2) O14-C101  1.441(10) 
O14-C104  1.464(10) C101-C102  1.529(10) C102-C103  1.540(10) 
C103-C104  1.529(10) C105-C106  1.529(9) C106-C107  1.524(10) 
C107-C108  1.530(10) C108-C109  1.525(10)   
 
Table 5.4.10. Bond angles for compound 5.3 (
o
). 
O7-U1-O2 90.9(2) O7-U1-O1 153.3(2) O2-U1-O1 77.23(18) 
O7-U1-O5 111.0(2) O2-U1-O5 69.41(19) O1-U1-O5 87.34(19) 
O7-U1-O3 103.7(2) O2-U1-O3 154.34(18) O1-U1-O3 80.52(19) 
O5-U1-O3 122.31(18) O7-U1-O6 83.04(19) O2-U1-O6 136.10(18) 
O1-U1-O6 122.01(19) O5-U1-O6 72.46(18) O3-U1-O6 67.65(18) 
O7-U1-O4 84.8(2) O2-U1-O4 85.88(19) O1-U1-O4 70.69(19) 
O5-U1-O4 150.23(19) O3-U1-O4 74.75(19) O6-U1-O4 136.21(18) 
O7-U1-Li1 119.0(4) O2-U1-Li1 80.6(4) O1-U1-Li1 36.0(4) 
O5-U1-Li1 121.2(4) O3-U1-Li1 73.8(4) O6-U1-Li1 139.4(4) 
O4-U1-Li1 34.7(4) O7-U1-Li3 99.7(3) O2-U1-Li3 34.5(3) 
O1-U1-Li3 84.1(3) O5-U1-Li3 35.2(3) O3-U1-Li3 153.7(3) 
O6-U1-Li3 103.7(3) O4-U1-Li3 119.7(3) Li1-U1-Li3 105.1(4) 
O7-U1-Li2 95.7(3) O2-U1-Li2 165.4(3) O1-U1-Li2 101.6(3) 
O5-U1-Li2 96.0(3) O3-U1-Li2 34.7(3) O6-U1-Li2 33.1(3) 
O4-U1-Li2 107.6(3) Li1-U1-Li2 107.1(5) Li3-U1-Li2 131.1(4) 
C1-O1-Li1 114.1(8) C1-O1-U1 132.0(5) Li1-O1-U1 96.7(6) 
C20-O2-Li3 129.6(6) C20-O2-U1 121.6(5) Li3-O2-U1 102.5(5) 
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C21-O3-Li2 125.7(7) C21-O3-U1 130.0(5) Li2-O3-U1 102.1(6) 
C40-O4-Li1 127.7(8) C40-O4-U1 122.8(5) Li1-O4-U1 96.6(6) 
C41-O5-Li3 124.8(6) C41-O5-U1 132.6(5) Li3-O5-U1 101.2(4) 
C60-O6-Li2 131.3(6) C60-O6-U1 124.1(5) Li2-O6-U1 103.5(5) 
C61-O7-U1 144.7(5) C81-O9-C84 113.1(11) C81-O9-Li1 121.3(10) 
C84-O9-Li1 125.5(10) C88-O10-C85 110.6(10) C88-O10-Li2 129.5(9) 
C85-O10-Li2 119.9(10) C92-O11-C89 109.8(8) C92-O11-Li2 122.6(8) 
C89-O11-Li2 125.4(8) C96-O12-C93 111.3(11) C96-O12-Li3 129.8(10) 
C93-O12-Li3 115.8(9) C100-O13-C97 106.5(9) C100-O13-Li3 122.5(8) 
C97-O13-Li3 117.3(7) O1-C1-C2 119.4(8) O1-C1-C10 121.2(7) 
C2-C1-C10 119.3(7) O1-C1-Li1 38.9(5) C2-C1-Li1 131.3(8) 
C10-C1-Li1 96.1(7) C3-C2-C1 121.2(8) C2-C3-C4 121.1(7) 
C5-C4-C3 121.9(8) C5-C4-C9 119.9(8) C3-C4-C9 118.2(7) 
C6-C5-C4 119.5(9) C7-C6-C5 121.1(9) C7-C6-Br1 119.8(9) 
C5-C6-Br1 119.0(8) C8-C7-C6 121.5(10) C7-C8-C9 120.6(9) 
C10-C9-C4 121.3(8) C10-C9-C8 121.4(8) C4-C9-C8 117.3(8) 
C9-C10-C1 118.4(7) C9-C10-C11 121.5(7) C1-C10-C11 120.0(7) 
C20-C11-C12 118.2(7) C20-C11-C10 122.3(7) C12-C11-C10 119.4(7) 
C13-C12-C17 118.7(7) C13-C12-C11 121.8(7) C17-C12-C11 119.4(7) 
C14-C13-C12 122.9(8) C15-C14-C13 117.9(8) C14-C15-C16 123.0(8) 
C14-C15-Br2 119.4(7) C16-C15-Br2 117.6(7) C15-C16-C17 118.1(8) 
C18-C17-C12 120.1(8) C18-C17-C16 120.6(7) C12-C17-C16 119.4(8) 
C19-C18-C17 120.6(8) C18-C19-C20 121.3(8) O2-C20-C11 121.0(7) 
O2-C20-C19 118.7(7) C11-C20-C19 120.2(7) O3-C21-C30 122.5(7) 
O3-C21-C22 117.4(8) C30-C21-C22 120.1(8) C23-C22-C21 121.0(10) 
C22-C23-C24 121.2(9) C29-C24-C23 117.3(9) C29-C24-C25 122.1(12) 
C23-C24-C25 120.3(11) C26-C25-C24 115.9(12) C27-C26-C25 123.9(11) 
C27-C26-Br3 121.2(12) C25-C26-Br3 114.8(11) C26-C27-C28 119.8(12) 
C27-C28-C29 120.9(11) C24-C29-C30 122.1(9) C24-C29-C28 116.3(9) 
C30-C29-C28 121.5(8) C21-C30-C29 118.1(7) C21-C30-C31 122.3(7) 
C29-C30-C31 119.6(7) C40-C31-C32 119.6(7) C40-C31-C30 117.9(7) 
C32-C31-C30 122.4(7) C33-C32-C31 122.5(7) C33-C32-C37 116.7(8) 
C31-C32-C37 120.8(7) C34-C33-C32 122.1(8) C33-C34-C35 119.2(9) 
C36-C35-C34 121.9(8) C36-C35-Br4 119.6(7) C34-C35-Br4 118.5(8) 
C35-C36-C37 118.7(8) C36-C37-C32 121.4(8) C36-C37-C38 121.3(8) 
C32-C37-C38 117.2(7) C39-C38-C37 121.2(7) C38-C39-C40 121.0(8) 
O4-C40-C31 122.2(7) O4-C40-C39 118.5(7) C31-C40-C39 119.3(7) 
O5-C41-C50 124.2(7) O5-C41-C42 117.4(7) C50-C41-C42 118.4(7) 
C43-C42-C41 122.9(8) C42-C43-C44 119.6(8) C49-C44-C43 120.4(8) 
C49-C44-C45 119.0(8) C43-C44-C45 120.7(8) C46-C45-C44 120.2(9) 
C45-C46-C47 121.3(8) C45-C46-Br5 120.6(7) C47-C46-Br5 117.6(7) 
C48-C47-C46 119.6(8) C47-C48-C49 118.9(8) C48-C49-C44 120.4(8) 
C48-C49-C50 120.9(8) C44-C49-C50 118.6(7) C41-C50-C49 120.0(7) 
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C41-C50-C51 119.2(7) C49-C50-C51 120.8(7) C60-C51-C52 117.7(8) 
C60-C51-C50 120.4(7) C52-C51-C50 121.8(7) C57-C52-C53 116.8(8) 
C57-C52-C51 121.2(8) C53-C52-C51 122.0(8) C54-C53-C52 123.9(10) 
C55-C54-C53 116.2(10) C56-C55-C54 123.7(10) C56-C55-Br6 118.5(10) 
C54-C55-Br6 117.8(8) C55-C56-C57 119.4(11) C52-C57-C56 119.9(9) 
C52-C57-C58 119.2(8) C56-C57-C58 120.8(10) C59-C58-C57 120.2(8) 
C58-C59-C60 120.7(9) O6-C60-C51 121.1(7) O6-C60-C59 118.0(7) 
C51-C60-C59 120.9(8) O7-C61-C70 119.5(8) O7-C61-C62 118.8(7) 
C70-C61-C62 121.7(7) C63-C62-C61 121.9(8) C62-C63-C64 120.3(8) 
C65-C64-C69 121.3(9) C65-C64-C63 121.2(9) C69-C64-C63 117.4(7) 
C66-C65-C64 117.8(10) C67-C66-C65 122.3(8) C67-C66-Br7 119.2(8) 
C65-C66-Br7 118.5(8) C68-C67-C66 121.2(9) C67-C68-C69 119.8(9) 
C64-C69-C68 117.5(8) C64-C69-C70 120.4(8) C68-C69-C70 122.1(8) 
C61-C70-C69 118.1(8) C61-C70-C71 122.7(7) C69-C70-C71 119.2(7) 
C80-C71-C72 118.4(8) C80-C71-C70 118.5(8) C72-C71-C70 123.0(8) 
C71-C72-C77 120.1(8) C71-C72-C73 121.3(8) C77-C72-C73 118.5(8) 
C74-C73-C72 119.6(10) C75-C74-C73 119.8(11) C76-C75-C74 121.8(10) 
C76-C75-Br8 120.5(9) C74-C75-Br8 117.7(9) C75-C76-C77 119.4(10) 
C72-C77-C76 120.7(10) C72-C77-C78 118.5(9) C76-C77-C78 120.8(9) 
C79-C78-C77 119.8(9) C78-C79-C80 120.5(9) C79-C80-O8 116.2(8) 
C79-C80-C71 122.7(9) O8-C80-C71 121.1(8) O9-C81-C82 97.6(15) 
C83-C82-C81 108.3(17) C84-C83-C82 112(2) C83-C84-O9 106.4(17) 
C86-C85-O10 106.3(15) C85-C86-C87 101.2(16) C88-C87-C86 100.3(13) 
C87-C88-O10 107.7(13) O11-C89-C90 106.3(11) C89-C90-C91 106.0(12) 
C92-C91-C90 102.8(11) O11-C92-C91 107.4(12) O12-C93-C94 101.9(17) 
C95-C94-C93 108.5(18) C94-C95-C96 109(2) O12-C96-C95 99.4(14) 
O13-C97-C98 109.3(10) C97-C98-C99 102.8(11) C100-C99-C98 107.5(11) 
O13-C100-C99 108.1(11) O4-Li1-O1 95.9(8) O4-Li1-O9 134.6(11) 
O1-Li1-O9 129.2(10) O4-Li1-C1 116.0(8) O1-Li1-C1 27.0(4) 
O9-Li1-C1 108.4(8) O4-Li1-U1 48.7(5) O1-Li1-U1 47.2(4) 
O9-Li1-U1 173.3(11) C1-Li1-U1 70.0(4) O6-Li2-O10 124.4(9) 
O6-Li2-O11 115.4(8) O10-Li2-O11 102.1(8) O6-Li2-O3 86.4(7) 
O10-Li2-O3 111.0(8) O11-Li2-O3 118.3(9) O6-Li2-U1 43.4(4) 
O10-Li2-U1 132.2(7) O11-Li2-U1 125.2(7) O3-Li2-U1 43.2(4) 
O2-Li3-O12 122.1(8) O2-Li3-O5 86.1(5) O12-Li3-O5 131.4(8) 
O2-Li3-O13 115.9(7) O12-Li3-O13 97.6(6) O5-Li3-O13 104.0(7) 
O2-Li3-U1 43.0(3) O12-Li3-U1 149.4(7) O5-Li3-U1 43.5(3) 
O13-Li3-U1 113.0(6) C101-O14-C104 110(2) O14-C101-C102 103(2) 
C101-C102-C103 106(2) C104-C103-C102 106(2) O14-C104-C103 102.3(18) 
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CHAPTER 6 
Exchange Processes in Shibasaki’s Rare Earth 
BINOLate Heterobimetallic Frameworks and their 
Relevance to Asymmetric Catalysis 
Abstract 
Shibasaki’s REMB catalysts (REMB; RE = Sc, Y, La-Lu; M = Li, Na, K; B = 1,1ʹ-bi-2-
naphtholate; RE/M/B = 1/3/3) are among the most enantioselective asymmetric catalysts across a 
broad range of mechanistically diverse reactions, however, several fundamental questions central 
to their reactivity remain unresolved. Solution exchange processes in Shibasaki’s rare earth-alkali 
metal BINOLate frameworks (REMB) were examined to probe the identity of the active catalyst(s) 
in Lewis-acid and Lewis-acid/Brønsted base catalyzed reactions. Self-exchange processes of 
BINOLate ligands and Li
+
 cations were found under catalytically relevant conditions. Variable 
temperature EXSY experiments determined that these processes were associative in nature, 
which disfavors proposals of BINOLate dissociation to form coordinatively unsaturated 
bis(BINOLate) intermediates, [Lin(L)n][(BINOLate)2RE(L)n] (L = solvent or substrate) as relevant 
catalytic intermediates in the absence of protic substrate. Isolation of the first crystallographically 
characterized example of a substrate bound to the REMB framework was achieved, where 
stoichiometric and catalytic reactivity studies indicated that pronucleophile must be activated by 
the catalyst in order to produce enantioenriched product. Further spectroscopic investigations  of 
Lewis-acid/Brønsted base mediated reactions indicated that complete loss of one or more 
BINOLate ligands occurred in both non-selective (Michael) and selective (Henry) reactions, where 
selectivity should rely largely on the pronucleophile pKa, and coordinaton preferences. Our 
observations implied the formation of RE/Li heterobimetallic species with less than three 
coordinated BINOLate ligands, and provides insight for future catalyst design. 
Adapted from work to be submitted to the Journal of the American Chemical Society, 2014. 
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6.1 Introduction 
Shibasaki’s rare-earth–alkali-metal heterobimetallic complexes, [M3(THF)n][(BINOLate)3RE]  
(REMB; RE = Sc, Y, La-Lu; M = Li, Na, K; B = 1,1′-bi-2-naphtholate; RE/M/B = 1/3/3; Figure 1) 
are among the most enantioselective catalysts to date.
1
 A key attribute is the diverse reactivity 
and selectivity achieved through choice of RE and alkali metal.
1a, 2
 Our understanding of how 
these catalysts function, however, is under developed. While significant progress has been made 
to elucidate the solid state and solution behavior of these complexes,
2b, 3
 several fundamental 
questions central to their reactivity remain unresolved. (1) How labile are BINOLate ligands and 
alkali-metal cations, M
+
, during catalysis? (2) Do BINOLate ligands dissociate and exchange for 
substrate? (3) What are the active species during catalysis?  Answers to these questions are 
critical to our understanding of these and other multifunctional catalysts, and are necessary for 
the rational design of improved catalysts.  
 
Figure 6.1.1. Shibasaki’s REMB framework. RE = Sc, Y, La – Lu; M = Li, Na, K; B = (S)-
BINOLate; RE/M/B = 1/3/3. 




 have independently observed 
that REMB frameworks will undergo ligand exchange between either free BINOL or between 
diastereomeric heterochiral and homochiral forms. The latter example has proven invaluable 
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towards our understanding of the dramatic non-linear effects observed in these systems.
2b, 3k
 The 
simplest case of intermolecular exchange, self-exchange, however, has not been investigated. 
Furthermore, little is known about the solution lability of M
+
 in these heterobimetallic frameworks, 
despite their implication in the regulation of substrate activation and catalyst structure.
1d, 2a, 2c, 4ref ’s
 
Previous studies have been limited to mass spectrometry;
1a, 1d, 2e, 4aref’s
 it remains unclear whether 
the identity of fragmented species observed in gas-phase measurements provide an accurate 
depiction of solution species. Such gas-phase experiments certainly do not provide quantitative 
information regarding exchange and solution dynamics. Herein we communicate our combined 
spectroscopic and mechanistic investigation to shed light on these questions. 
6.2 Results/Discussion 




Li NMR Exchange Spectroscopy 
(EXSY). We envisioned that intermolecular BINOLate and M
+
 exchange processes for 







Li-NMR. 2D-EXSY NMR has emerged as a 





 exchange in solution
7
 and solid states.
8
 Application of this technique requires that 
sufficient spectral resolution is achieved between analytes of interest.
5b, 5d
 To accomplish this we 
labeled otherwise chemically similar molecules by using two different paramagnetic RE cations. 
Pr and Eu cations were used because 6.1–Pr  and 6.1–Eu are isostructural,
3e
 and have desirable 














experiments were performed at 300 K using several mix times (tmix, see experimental  
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Li NMR EXSY experiments. 
Bound solvents not shown. 
 






















































































a – At 298 K  b – Determined using EXSYCalc. c – Values obtained in 
the presence of ~10 equiv chalcone / 6.1–RE.  
 
Figure 6.2.2. Representative 2D 
1
H-NMR EXSY experiment of 6.1–Pr/6.1–Eu  (15.0 mM / 14.6 
mM; tmix = 140 ms, 300 K). ■ = 6.1–Pr , ■ = 6.1–Eu taken in THF–d8. 
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Figure 6.2.3. Representative 2D-EXSY 
7
Li-NMR experiment of 6.1–Pr/6.1–Eu (15.0 mM / 14.6 
mM; tmix = 7.5 ms, 300 K) taken in THF–d8. 
 
section, 6.4). Significant rates of intermolecular exchange of both Li
+
 cations and BINOLate 
ligands were observed (Figures 6.2.1 – 6.2.3, and Table 6.2.1). Notably, Li
+
 exchange occurred 
~270 times faster than that of BINOLate exchange.  Activation parameters for BINOLate and Li
+
 
exchange were calculated the EXSY data
 
collected at 273–330 K. (Table 1, Figure 6.2.4). Both 
exchange processes displayed large positive enthalpies of activation and large negative entropies 
of activation, consistent with associative processes.
10
 
After obtaining rates for BINOLate and Li
+
 exchange, we were interested in establishing 
whether these were relevant in catalysis. The first reaction we chose was the Lewis -acid/Lewis-
acid mediated aza-Michael addition (Eq 1),
2b, 3k, 11
 as reaction kinetics and spectroscopic studies 
were previously reported, allowing for direct comparison to relevant reaction data. Several key 
findings from the previous studies were that: (1) the reaction showed a first - order dependence on 
chalcone and catalyst, and a zero-order dependence on o-methylhydroxylamine, (2) La–Dy, Y 
catalyzed the  
452 
   
  
Figure 6.2.4. Representative Eyring plots (top = 6.1–Pr   6.1–Eu, bottom 6.1–Eu  6.1–Pr ) 
obtained from 2D-EXSY 
1
H-NMR experiments of 6.1–Pr /6.1–Eu (15.0 mM / 14.6 mM) taken at 
273, 300, 307.5, 315, and 330 K (H(8), tmix = 140 ms) taken in THF–d8.  
 






Addition of 10 equiv chalcone per 6.1–RE produced small differences in BINOLate and Li
+
 self-
exchange rates and nearly identical activation parameters as those obtained in the absence of 
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chalcone (Table 6.2.1). The extrapolated pseudo-first order rate constant for the BINOLate 




at –20 °C, revealed that exchange proceeded much faster than 






  The rapid rates of Li
+
 and BINOLate exchange 
indicated that these processes were not rate limiting, and likely non-productive equilibria. The 
associative nature of the exchange disfavors the proposal of bis(BINOLate) RE complexes, 
[Lix(L)n][(BINOLate)2RE(L)n] (L = substrate or solvent, x = 1 or 2), as catalytic intermediates, and 
are consistent with the mechanistic observations made by Shibasaki and coworkers. 
Given the above applications of EXSY NMR to the 6.1–Pr/6.1–Eu system, we extended our 
spectroscopic investigations to investigate other previously proposed ligand exchange 
phenomena. Shibasaki and coworkers reported that addition of 3 equiv lithium 
trifluoromethanesulfonate (LiOTf) to 6.1–La resulted in a more active and selective catalyst for 
the direct Aldol-Tischenko reaction.
4a, 12
  Shibsaki and coworkers proposed that a dynamic 
structural change occurred upon addition of LiOTf to  favor the formation of a dimer, 
{[Li2(THF)4][(BINOLate)2.5RE(THF)]}2 (6.1–Ladimer), and dissociation of Li2(BINOLate) (Figure 
6.2.5).
4a
 This proposal seemed surprising given that we established an associative mechanism  
 
Figure 6.2.5. Proposed dynamic structural change associated with 6.1–La in the presence of 




   
 
 
Figure 6.2.6. Exchange processes observed for 6.1–Pr/6.1–Eu /chalcone/LiOTf (15.0 mM / 14.6 




Li-NMR EXSY experiments. Bound solvents not 
shown. 
 
Table 6.2.2. Pseudo-first order rate constants obtained for BINOLate exchange between 6.1–Pr  
and 6.1–Eu in the presence of chalcone and LiOTf from 2D 
1
H-NMR EXSY experiments (tmix = 
140 ms, 307.5 K) at various LiOTf concentrations. 
[LiOTf] (mM) 







0 1.939 2.286 
34.4 2.523 2.670 
77.9 2.449 2.637 
332 2.239 2.432 
 
 
Figure 6.2.7. Representative 2D 
7
Li-NMR EXSY experiment of 6.1–Pr/6.1–Eu/Chalcone/LiOTf 
(15.0 mM / 14.6 mM / 314 mM / 34.4 mM; tmix = 7.5 ms, 307.5 K) taken in THF–d8. 
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Table 6.2.3. Pseudo-first order rate constants obtained for Li
+
 exchange between 6.1–Pr and 
6.1–Eu in the presence of chalcone and LiOTf from 2D 
7
Li-NMR EXSY experiments (tmix = 7.5 
ms, 307.5 K) at various LiOTf concentrations. 
 
LiOTf (mM) 













LiOTf   
6.1–Eu 
0 32.03 34.32 NA NA NA NA 
34.4 26.07 29.90 70.12 85.19 87.45 104.1 
77.9 20.30 18.15 105.9 61.91 135.9 70.91 
332 20.80 18.33 138.1 21.77 223.3 27.78 
 
for BINOLate exchange, even in the presence of neutral substrate. Addition of 0 – 11 equiv LiOTf 
to 6.1–Pr/6.1–Eu/chalcone (Figure 6.2.6) resulted in a small increase in the rate of BINOLate 
self-exchange (Table 6.2.2). The catalytically relevant conditions, 77.9  mM LiOTf (6.1–RE:LiOTf 
= ~1:3), suggested that LiOTf does not dramatically impact the rate of ligand self-exchange. 2D 
7
Li-NMR EXSY experiments clearly indicated facile exchange between the three species, 6.1–Pr, 
6.1–Eu, and LiOTf (Figure 6.2.7). Again, the self-exchange processes were not dramatically 
affected at various LiOTf concentrations, suggesting that the rate was independent of the 6.1–Pr 
 LiOTf and 6.1–Eu  LiOTf exchange processes. Rates of exchange between 6.1–RE 
occurred at much more rapid rates, and increased with higher LiOTf concentrations. The similar 
rates for self-exchange supported the observation that the processes were very similar both in the 
absence and presence of LiOTf, and suggested that the proposed Li2(BINOLate) dissociation was 
unlikely. Despite these observations, variable temperature EXSY experiments at fixed equiv of 
LiOTf are required for definitive evidence of the dissociative or associative nature of these 
exchange processes.  
Our preliminary studies provided new insight into the role of LiOTf and other salt additives; in 





 exchange between 6.1–RE and the salt was dramatically 
increased. Li
+
 salts have been commonly employed to achieve heightened reactivity and 
selectivity for single reactions and tandem processes, and further investigation of relevant 
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catalytic conditions should provide additional insight into the role of additives in these 
frameworks.  
6.2.2. Evidence for BINOLate Dissociation in Lewis-Acid/Brønsted-Base Catalyzed 
Reactions and Implications for the Catalytically Relevant Species 
The majority of reactions promoted by the REMB framework are Lewis-acid/Brønsted-base 
mediated;
1a-d, 2d-h, 4b, 13
 however, little is known about the catalyst intermediates for these reactions 
(question 3). It still has yet to be experimentally determined or observed whether after 
deprotonation BINOLate ligands will undergo partial or complete ligand dissociation with 
pronuclophiles (question 2). This is surprising given the immediate ramifications for the active 
catalyst structure(s) in Lewis-acid/Brønsted-base mediated reactions, and the uniform 
mechanistic proposals by Shibasaki and coworkers favoring a monomeric species that is tris-
ligated by BINOLate throughout the catalytic cycle.
1a-d, 2d-h, 4b, 13
 6.1–RE (M = Li) often show the 
highest enantioselectivies amongst REMB frameworks; however, there are several exceptions 
where other RE/M combinations, [M3(THF)6][(BINOLate)3RE] (M = Na, 6.2– RE; K, 6.3–RE) were 
required to achieve high selectivity.
1a, 2d, 2f -h, 13c
 A prominent example is the catalytic 
enantioselective Michael addition of malonates to cyclic enones (Eq 2); use of 6.1–La (M = Li) 
produced Michael adducts in poor selectivity (2 % ee), whereas 6.2–La (M = Na) showed high 
selectivity (85% ee).
1a
 Given these observations, we pursued further study of this reaction to 
identify the catalytically active species and gain insight about the substantial selectivity 




To date, crystallographic characterization of an REMB framework with a substrate bound has 
proven elusive, despite the recent isolation of seven-coordinate neutral donor adducts.
3a, 3d, e, 3h, i, 
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14
 While solution binding studies using 6.1–Eu and 6.1–Pr (RE = Pr, Eu) and their diamine 
analogues,
3a, 3d
 indicated that cyclohexenone (CHO) will appreciably bind to the RE cation in 
coordinating solvent, the binding mode of CHO or any relevant substrate has not been 
established. Successful isolation of the first substrate bound REMB complex, 
[Li3(THF)(Et2O)2(CHO)][(BINOLate)3Pr(CHO)] (6.1–Pr·2CHO, Figure 6.2.8), was accomplished by 
treating 6.1–Pr with excess CHO (≥ 4 equiv) in weakly coordinating solvent (Et2O) and 
subsequent layering with pentane (1:2 v/v; 86% yield).  
 
Figure 6.2.8: Thermal ellipsoid plot of 6.1–Pr ·2CHO shown at 30%. Selected bond distances 
(Å): Pr(1)–O(1) 2.403(2), Pr(1)–O(2) 2.404(2), Pr(1)–O(3) 2.4603(18), Pr(1)–O(4) 2.414(2), Pr(1)–
O(5) 2.365(2), Pr(1)–O(6) 2.3683(18), Pr(1)–O(10) 2.525(2), Li(3)–O(9) 1.872(6), C(69)–O(9) 
1.232(5), and C(75)–O(10) 1.221(4).   
 
Similar to the recently reported phosphine oxide adducts,
3h
 6.1–Pr·2CHO coordinates two 
molecules of CHO, where one is bound at the Pr cation and the other at the Li
+
 cation. The 
bonding metrics for 6.1–Pr·2CHO were unremarkable, and were consistent with related Pr/Li 
structures.
3a, 3d, 14
 In non-coordinating solvent, Tol–d8, exchange of CHO between RE and the 
three Li
+ 
cations was fast on the NMR time-scale, as evidenced by a single 
7
Li resonance and two 
458 
   
alkenyl resonances in the 
1
H-NMR spectra (Figure 6.4.4). In coordinating solvent, THF–d8, 
competitive coordination of THF for CHO occurred at the RE and Li cations, and was consistent 
with previous binding studies.
1a, 3a, 3d
  
After establishing the solid state structure of 6.1–Pr·2CHO, we investigated stoichiometric 
reactivity with dibenzylmalonate (DBM) to gain insight into the identity of the active catalyst.  As 
CHO was bound to a chiral Lewis acid in 1–Pr·2CHO, we postulated that addition of external 
nucleophile, Li(DBM), could occur with moderate levels of enantioselectivity (Figure 6.2.9). 
 
Figure 6.2.9. Stoichiometric reactivity of 6.1–Pr·2CHO with dibenzylmalonate (DBM, 
pronucleophile) or lithium dibenzylmalonate (Li(DBM), preformed (external) nucleophile). 
However to our surprise, addition of two equiv Li(DBM) to 1–Pr·2CHO formed the product, 3-
[bis(benzyloxycarbonyl)methyl]cyclohexenone, in low levels of enantiopurity (5% ee). In contrast, 
treatment of 1–Pr·2CHO with 2 equiv of the pronucleophile, DBM, formed Michael adduct with 
41% ee. These results indicated that activation of the nucleophile by 1–Pr was required for 
enantioselectivity, and that addition of external nucleophile to substrate bound 1–Pr was not a 
selective pathway. 




Li-NMR studies of 
the stoichiometric and catalytic reactions promoted by 6.1–Pr and 6.1–Pr·2CHO. In Tol–d8, the 
stoichiometric and catalytic reactions promoted by 6.1–Pr (Figures 6.4.15 and 6.2.10 
respectively) revealed the formation of new Pr/Li heterobimetallic species, as judged by the 
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appearance of several additional paramagnetic resonances in the 
7
Li-NMR spectra. No 
appreciable build-up of free external nucleophile was observed during the course of the reaction, 
which would be expected to furnish nearly racemic Michael adducts. The catalytic reactions did 
proceed in significantly lower selectivity than the stoichiometric transformation (25% versus 41% 
ee), and indicated that increased concentration of nucleophile led to decreased selectivity. Our 





Li-NMR spectra (155 MHz, Tol–d8) taken of the catalytic Michael addition 
promoted by 6.1–Pr  (41.7 mM, 10 mol %) at various % conversion (A) 6.1–Pr  (B) <5% 
conversion (C)  40% conversion (D) 64% conversion (E) 76% conversion (F) 82% conversion (G) 
≥95% conversion. 
 
to achieve high levels of enantioselectivity. Increased DBM concentrat ion results in formation of 







Li-NMR spectra were observed upon addition of DBM to THF–d8 
solutions of 6.1–Pr or 6.1–Pr /CHO (1:10). Three major species formed in a ~1.0:0.5:1.1 ratio 
were observed by 
7
Li-NMR, denoted LiA, LiB, and LiC (Figure 6.2.11h). The intensity and ratio of 
the Li species generated were related to the concentration of DBM (Figure 6.2.11 a-h). These 
resonances corresponded to a solvated 6.1–Pr (LiA), a newly formed Pr/Li species (LiB), and a 
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diamagnetic Li species (LiC). Formation of the diamagnetic LiC was especially telling, as it implied 
that a large amount of Li-containing species that were not closely associated with the 
paramagnetic Pr cation were produced upon addition of the pronucleophile.  LiC was assigned as 
a mixture of free lithiated nucleophile, Li(DBM), and mono-lithiated BINOLate, Li(BINOLate), 




Li-NMR(155 MHz, THF–d8) of 6.1–Pr  (16.5 mM) + x equiv DBM; x = (A) 0 (B) 
0.33 (C) 1.0 (D) 2.0 (E) 3.0 (F)  5.0 (G) 10.0 (H) G + 10 equiv CHO. 
 
presence of free Li(BINOLate) required the formation of new Pr/Li heterobimetallic species with 
less than three BINOLate ligands during catalysis. 
The three major species, LiA, LiB, and LiC, underwent facile exchange with one another, as 
determined by 2D 
7
Li-NMR EXSY performed on a solution of 6.1–Pr /DBM (1:10) at 300 K (Figure 
6.2.12, 6.2.13).  Rates ranged between 5 – 55 s
-1
 (Table 6.2.4), and were comparable to those 
observed for intermolecular exchange between 6.1–Pr /6.1–Eu. As the catalytic reaction 
progressed, the concentration of LiB and LiC decreased, concomitant with an increase in signal for 
LiA (Figure 6.2.14). The concentration of other Pr/Li species generated were small and varied little  
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Figure 6.2.12. 2D 
7
Li-NMR EXSY experiment of 6.1–Pr/DBM (45.5 mM / 455 mM; tmix = 15 ms, 
300 K). Bound solvents not shown. 
 
Figure 6.2.13. Representative 2D 
7
Li-NMR EXSY experiment of 6.1–Pr /DBM (45.5 mM / 455 
mM; tmix = 15 ms, 300 K). 
 
Table 6.2.4. Pseudo-first order rate constants obtained for Li
+
 exchange from 2D 
7
Li-NMR EXSY 
of the equilibrium species generated from 6.1–Pr  (45.5 mM) and DBM (455 mM) at tmix = 15 ms 















   
 
 
Figure 6.2.14. Mole fraction of Li species present during the course of the catalytic Michael 
addition between CHO and DBM promoted by 10 mol % 6.1–Pr  in THF (41.7 mM) versus 
conversion (%). Lines are provided as a guide for the eye. 
 
during the catalytic reaction. Our observations demonstrated that equilibration of LiA, LiB, and LiC 
occurred during catalysis, and that coordinated BINOLate exchanged for DBM. 
Selectivities obtained from our catalytic studies provided further insight into the catalyst 
structure. Performing the catalytic reaction under rigorously anhydrous conditions in THF did not 
result in the isolation of Michael adduct in the reported 2% ee, rather we consistently obtained 
product in – 25% ee. The opposite face-selectivity strongly suggested that different catalyst 
structures were generated in coordinating and non-coordinating solvent.
1e, 15
 This was consistent 
with our spectroscopic studies, where catalytic reactions performed in THF revealed dissociated 
Li(BINOLate) and free Li(DBM), whereas in toluene these species were not observed. The 
observation of some amount of enantioselectivity in THF was surprising; the control reaction 
using 10 mol % Li(BINOLate) and Li(DBM) produced Michael adduct in less than 5% ee with only 
slightly slower rates of conversion (< 2-fold decrease), indicating that the catalytically active 
species can outcompete the background reaction. 
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We found it intriguing that 6.1–RE was an excellent catalyst for the Henry and Aldol reactions, 
but showed poor selectivity in the Michael addition. We believed that this was not coincidental, as 
malonates (pKa 15.9 – 16.4 in DMSO)
16
 are more acidic than nitromethane (pKa 17.2 in DMSO)
17
 
or acetophenone (pKa 24.7 in DMSO)
17
 respectively. Furthermore, early reports by Shibasaki and 
coworkers investigating other chiral RE complexes using more basic supporting ligands (ie – 
alkoxides) led to complete ligand for substrate exchange, and led to poor levels of selectivity.
1d
  
Therefore we hypothesized that with more acidic substrates deprotonation of the pronucleophile 
happened to a greater extent. This would lead to complete BINOLate ligand dissociation, which 
could then generate a number of different heteroleptic heterobimetallic BINOLate/nucleophile 
complexes and result in reduced selectivity. In order to test this hypothesis, we chose to study the 
Henry reaction (Eq 3). 
 
The Henry reaction of nitromethane with cyclohexanecarboxaldehyde (CyCHO) catalyzed by 
6.1–Pr was performed at  –40 °C (233 K) in THF or THF–d8, and proceeded in similar yields and 





NMR of the reaction performed at –40 °C in THF–d8 revealed that 6.1–Pr (LiA) and dissociated 
BINOLate ligand (LiB) were the major species formed, along with several new Pr/Li 
heterobimetallic species (Figure 6.2.15 and 6.2.16).  Consistent with our expectations based on 
pKa, the equilibrium observed between free protonated pronucleophile and activated 
deprotonated nucleophile lay further to the left (K < 0.5) in the Henry reaction than that of the 
Michael reaction.  One striking observation was that the concentration of 
Li(BINOLate)/Li2(BINOLate) and the Pr/Li species increased in the Henry reaction, whereas the 
opposite was observed during the Michael reaction. Cooling the sample to –80 °C (293.2 K) 
resulted in a change in Li speciation (Figure 6.2.17); the concentration of 6.1–Pr remained  
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Li-NMR spectra (155 MHz, THF–d8) taken of the catalytic Henry reaction 
promoted by 6.1–Pr  (24.6 mM, 10 mol %) at various % conversion (A) 6.1–Pr + CyCHO + H2O  
(B) + CH2NO3 (10 equiv); <1% conversion (C)  7% (D) 12% (E) 19% (F) 22% (G) 32% (H) 37%. 
LiA = 6.1–Pr; LiB = Li(BINOLate)/Li2(BINOLate). 
 
relatively constant, while the concentration of Li(BINOLate)/Li2(BINOLate) doubled from that 
observed at –40 °C. This was surprising given that complete ligand exchange could also result in 
a competing background reaction, as was the case in the Michael addition.  
While further investigations are necessary to determine the identity of the catalytically active 
species, it is clear that for non-selective (Michael) and selective (Henry) reactions using RE/Li 
heterobimetallic species that Li(BINOLate)/Li2(BINOLate) were generated during the catalytic 
reaction. Unlike the Lewis-acid/Lewis-acid mediated reactions, where we have provided 
conclusive evidence that disfavor formation of an active bis(BINOLate) species, 
[Li(L)n][(BINOLate)2RE] (L = substrate or solvent), Lewis-acid/Brønsted-base mediated reactions 
generate heterobimetallic species with RE:BINOLate stoichiometry 1:X (X < 3). In both the 
Michael and Henry reactions, 6.1–RE was identified as the catalyst resting state which indicated  
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H-NMR spectra (400 MHz, THF–d8) taken of the catalytic Henry reaction 
promoted by 6.1–Pr  (24.6 mM, 10 mol %) at various % conversion showing changes in 
concentration of the catalyst and product (top) and new heterobimetallic species (bottom)  (A) 
6.1–Pr + CyCHO + H2O  (B) + CH2NO3 (10 equiv); <1% conversion (C)  7% (D) 12% (E) 19% (F) 
22% (G) 32% (H) 37%. ● = 6.1–Pr, ■ = CyCHO ♦ = mesitylene (internal standard); ■ = CH3NO2; x 
= Li(BINOLate)/Li2(BINOLate); √ = 1-Cyclohexyl-2-nitroethanol.  
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Figure 6.2.17. Variable temperature 
7
Li-NMR of the Henry reaction (Eq 3) catalyzed by  10 mol % 
6.1–Pr ([Pr] =  24.6 mM) at ~18% conversion (reaction conditions: H2O (30 mol %), 
cyclohexanecarboxaldehyde (1 equiv), and nitromethane (10 equiv)).  LiA corresponds to 6.1–Pr, 
while LiB corresponds to Li(BINOLate)/Li2(BINOLate). (A) –40 °C, (B) –50 °C, (C) –60 °C, (D) –70 
°C, (E) –80 °C.  
 
that pronucleophile deprotonation were slow steps in these reactions. Application of 
7
Li-NMR in 
the paramagnetic system, 6.1–Pr, was critical to observe these species and identify exchange 
processes. The structure and reactivity of the catalytically active RE/Li species must vary with the 
identity of the pronucleophile, given the pronounced selectivity differences observed between the 
Michael (malonate) and Henry (nitronate) reactions. This should be influenced by the 
pronucleophile pKa, as well as the different coordination preferences of the nucleophiles 
investigated.   
6.3 Conclusions 
In summary, our studies provide insight into the exchange processes, structure, and identity of 
the active catalysts of the REMB frameworks under Lewis-acid and Lewis-acid/Brønsted-base 




   
BINOLate exchange under catalytically relevant conditions. These processes were shown to be 
associative, independent of substrate coordination, and rapid relative to the catalytic reaction. 
The associative nature of these processes disfavor proposals of bis(BINOLate) intermediates, 
[Li(L)n][(BINOLate)2RE(L)n] (L = substrate or solvent), as an active species for Lewis-acid 
catalyzed reactions. 
In contrast, BINOLate dissociation was observed for 6.1–RE in Lewis-acid/ Brønsted-base 
mediated reactions in both non-selective (Michael) and selective (Henry) reactions.  For the 
Michael reaction, addition of malonate pronucleophile formed Li(DBM), Li(BINOLate), and several 
new Pr/Li heterobimetallic species which exchanged readily with one another during catalysis as 
indicated by 1D- and 2D- 
7
Li-NMR experiments. Stoichiometric reactivity studies with 6.1–
Pr·2CHO confirmed that activation of pronucleophile was required to achieve selectivity, and 
confirmed that 6.1–RE were catalyst resting states. In the case of the highly selective Henry 
reaction, Li(BINOLate)/Li2(BINOLate) was still observed, confirming that the heterobimetallic 
species containing less than three equivalents of coordinated BINOLate were generated during 
the catalytic reaction.  Formation of bis(BINOLate) and/or oligomeric species are likely, and the 
coordination environment of these species appears to be dependent on the pronucleophile. Our 
combined studies provide the first solution evidence that BINOLate ligand(s) dissociate during 
catalysis and have revised our understanding of the behavior of these catalysts in asymmetric 
catalysis.  Further identification of the active species in Lewis-Acid/Brønsted-base mediated 
reactions will aid future catalyst design, and use of 1D- and 2D-multinuclear paramagnetic NMR 
techniques should prove invaluable in these regards. 
6.4 Experimental Procedures 
General Methods. For all reactions and manipulations performed under an inert atmosphere 
(N2), standard Schlenk techniques or a Vacuum Atmospheres, Inc. Nexus II drybox equipped with 
a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system were used. Glassware was oven-
dried overnight at 150 °C prior to use. 
1
H-NMR spectra were obtained on a Brüker AM-500, 
Brüker UNI-400, or a Brüker DMX-300 Fourier transform NMR spectrometer at 500, 400, or 300 
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H}-NMR were recorded on a Brüker AM-500 or a Brüker DMX-300 
Fourier transform NMR spectrometer at 126 or 76 MHz respectively.  
7
Li-NMR were recorded on a 
Brüker UNI-400 Fourier transform NMR spectrometer at 155 MHz.  All spectra were measured at 
300 K unless otherwise specified. Chemical shifts were recorded in units of parts per million 
downfield from residual proteo solvent peaks (
1






Li spectra were referenced to external solution standards of LiCl in H2O (at zero ppm). All 
coupling constants are reported in hertz. The infrared spectra were obtained from 400-4000 cm
–1
 
using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were performed at 
the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer Series II 2400 
CHNS analyzer. 
Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Deuterated tetrahydrofuran, chloroform, and pyridine were 
purchased from Cambridge Isotope Laboratories, Inc. Deuterated tetrahydrofuran was stored for 
at least 12 h over potassium mirror, whereas chloroform and pyridine were stored over 4 Å 
molecular sieves prior to use. Li[N(SiMe3)2] was purchased from Sigma Aldrich and was 
recrystallized from hot pentane prior to use. (S)-BINOL and RECl3 (>99.9% purity; RE = Eu and 
Pr) were purchased from AKScientific and Strem, respectively, and used without additional 
purification. 2-cyclohexen-1-one, dibenzylmalonate, benzaldehyde, and nitromethane were 
purchased from commercial sources (Acros or AlfaAesar), distilled, degassed, and stored over 4 
Å molecular sieves for 12 h prior to use. Chalcone was purchased from Sigma Aldrich, 
recrystallized from EtOH, and dried at 60°C prior to use. RE[N(SiMe3)2]3,
18 
[M3(THF)n][(BINOLate)3RE] (M = Li, Na , K)
3a, 3i, 19
,  were prepared according to literature 
procedures. 3-[bis(benzyloxycarbonyl)methyl]cyclohexanone has been previously reported, and 




   
Synthetic Details and Characterization 
Synthesis of [Li3(THF)(Et2O)2(CHO)][(BINOLate)3Pr(CHO)] (1–Pr·2CHO) A 20 mL glass vial 
was charged with 6.1–Pr  (211 mg, 0.146 mmol; FW: 1447.29 g·mol
-1
) and Et2O (4 mL). 2-
cyclohexen-1-one (CHO, 100 mg, 1.04 mmol, 7 equiv; FW: 96.13 g·mol
-1
) was added to the pale 
light yellow solution, where an immediate color change to bright neon-yellow was observed. The 
solution was filtered through a celite-padded pipet, layered with pentane (1:2 v/v). After 12 h the 
yellow crystalline solid was isolated by vacuum filtration over a medium porosity frit and dried for 
3 h under reduced pressure. Yield: 179 mg (0.135 mmol, 86%; FW: 1427.28 g·mol
-1
). Anal. Calcd 
for C84H80O11Li3Pr: C, 70.68; H, 5.65.  Found: C, 70.48; H, 5.72. 
1
H NMR (500 MHz, THF–d8) δ 
14.47 (d, J = 8.5 Hz, 6H), 9.94 (t, J = 8.1 Hz, 6H), 8.25 (t, J = 8.0 Hz, 6H), 7.61 (d, J = 8.0 Hz, 
6H), 6.26 (s, CHO, 2H), 4.67 (s, CHO, 2H), 3.43 (s, 6H), 1.30 (m, CHO, 4H), 0.52 (s, CHO, 4H), –
1.17 (s, CHO, 4H), –11.63 (s, 6H). 
7
Li-NMR (155 MHz, THF–d8) δ 44.1.  
13
C NMR (126 MHz, 
THF) δ 177.1, 148.6, 148.0, 143.8, 135.2, 133.1, 128.8, 127.8, 127.7, 126.2, 123.8, 123.7, 35.3, 
26.4, 21.7. Note: The C=O (CHO) 
13
C resonance was not observed and is attributed to the 
paramagnetism of 6.1–Pr·2CHO.
1
H NMR (400 MHz, Tol–d8) δ 13.08 (s, 6H), 9.26 (s, 6H), 8.07 
(s, 6H), 7.74 (s, 6H), 6.17 (s, CHO, 2H), 5.81 (s, CHO, 2H), 5.12 (s, 6H),  4.17 (s, 6H), –0.85 (s, 
CHO, 6H), –1.49 (s, CHO, 4H), –3.90 (s, CHO, 2H), –10.36 (s, 6H). 
7
Li-NMR (155 MHz, Tol–d8) δ 
35.7. IR (KBr, cm
-1
) ν: 3044, 2975, 2933, 1658 (C=O), 1613, 1589, 1554, 1500, 1463, 1423, 
1393, 1343, 1282, 1272, 1248, 1237, 1210, 1180, 1142, 1125, 1097, 1069, 995, 957, 937, 875, 
858, 823, 774, 746, 692, 666, 633, 576, 526, 484, 421. X-ray quality single crystals were obtained 
from layering concentrated solutions of 6.1–Pr·2CHO in Et2O with pentane (1:2 v/v).   
Stoichiometric reactivity studies of 6.1–Pr·2CHO with dibenzylmalonate (DBM). A 2 mL 
snap-cap vial was charged 6.1–Pr·2CHO (52.5 mg, 0.0368 mmol; FW: 1427.28 g·mol
-1
) and 
toluene (640 μL) and a parylene stir bar. Dibenzylmalonate (DBM, 20.9 mg, 0.0736 mmol; FW: 
284.31 g·mol
-1
) was added and the reaction stirred at room temperature for 12 h. The reaction 
was quenched with HCl (10% v/v, 1 mL) and extracted with CH2Cl2 (3  3 mL). The organic layers 
were combined, dried over MgSO4, filtered, and the solvent was removed under reduced 
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pressure. The crude residue was purified by column chromatography (SiO2, 25% 
acetone:hexanes) to yield 3-[bis(benzyloxycarbonyl)methyl]cyclohexanone as a white solid. Yield: 
25.2 mg (0.0663 mmol, 90% yield, 41% ee; FW: 380.41 g·mol
-1
). Enantioselectivities were 




, 12 MPa, λobs = 220 nm, tR = 11.60, 






H}-NMR spectra match the previously reported spectra.
20
 
Note: The reaction was also performed in a J Young tube with Tol–d8 ([6.1–Pr·2CHO] = 53.7 




Li-NMR. The reaction was quenched upon completion following 
the work-up procedure described above. 
Stoichiometric reactivity studies of 6.1–Pr·2CHO with lithium dibenzylmalonate (Li(DBM)).  
A 2 mL snap-cap vial was charged 6.1–Pr·2CHO (52.5 mg, 0.0368 mmol; FW: 1427.28 g·mol
-1
) 
and toluene (640 μL) and a parylene stir bar. Lithium dibenzylmalonate (Li(DBM), 21.4 mg, 
0.0736 mmol; FW: 290.24 g·mol
-1
) was added and the reaction stirred at room temperature for 12 
h. The reaction was quenched with HCl (10% v/v, 1 mL) and extracted with CH2Cl2 (3  3 mL). 
The organic layers were combined, dried over MgSO4, filtered, and the solvent was removed 
under reduced pressure. The crude residue was purified by column chromatography (SiO2, 25% 
acetone:hexanes) to yield a white solid. Yield: 27.9 mg (0.0734 mmol, 99% yield, 5% ee; FW: 
380.41 g·mol
-1





, 12 MPa, λobs = 220 nm, tR = 11.31, 12.68 min. 
NMR-scale monitoring of the Michael addition between CHO and DBM promoted by 10 mol 
% 6.1–Pr. A J Young NMR tube was charged with 6.1–Pr (36.2 mg, 0.0250 mmol, 0.1 equiv; FW: 
1447.29 g·mol
-1
), either THF–d8 or Tol–d8 (500 μL), and CH2Cl2 (21.2 mg, 0.250 mmol; FW: 84.93 
g·mol
-1
) as an internal standard. CHO (24.0 mg, 0.250 mmol, 1 equiv; FW: 96.13 g·mol
-1
) was 
added to the pale light yellow solution, where an immediate color change to bright neon-yellow 
was observed. DBM was added (71.1 mg, 0.250 mmol, 1 equiv; FW: 284.31 g·mol
-1
) and the 




Li-NMR. The reaction was quenched following the work-up 
procedure listed for the stoichiometric studies.  
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NMR-scale monitoring of the Henry reaction between benzaldehyde and nitromethane 
promoted by 10 mol % 6.1–Pr. A J Young NMR tube was charged with 6.1–Pr (21.7 mg, 0.0150 
mmol, 0.1 equiv; FW: 1447.29 g·mol
-1
), THF–d8 (500 μL), and CH2Cl2 (17.5 μL, 0.274 mmol; FW: 
84.93 g·mol
-1
) as an internal standard. H2O (0.8 uL, 0.0450 mmol; FW: 18.02 gmol
-1
) and 
benzaldehyde (15.3 μL, 0.0150 mmol, 1 equiv; FW: 106.12 g·mol
-1
) were added at RT. The 
sample was cooled to –40 °C in an NMR spectrometer. The sample was quickly removed and 
nitromethane (80.3 μL, 0. 150 mmol; FW: 61.04 g·mol
-1
) was added. The sample was placed 
back into the cooled NMR spectrometer and the reaction was further monitored. At a conversion 




Li-NMR spectra were recorded at 







H-NMR(400 MHz, THF–d8) of 6.1–Eu. 
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H-NMR(400 MHz, THF–d8) of 6.1–Pr. 
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H NMR (500 MHz, THF–d8) of 6.1–Pr·2CHO. 
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H}-NMR(126 MHz, THF–d8) of 6.1–Pr·2CHO. 
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Li-NMR(155 MHz, THF–d8) of Li(DBM). 
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Li-NMR(155 MHz, Pyr–d5) of Li(DBM). 
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Li-NMR(155 MHz, THF–d8) of Li2(BINOLate). 
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Li-NMR(155 MHz, Pyr–d5) of Li2(BINOLate). 
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H-NMR(400 MHz, THF–d8) of Li(BINOLate). 
 
Figure 6.4.9b.  
7
Li-NMR(155 MHz, THF–d8) of Li(BINOLate). 
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Li-NMR(155 MHz, Pyr–d5) of Li(BINOLate). 
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Figure 6.4.11. Comparison of 
7
Li-NMR spectra (155 MHz, THF–d8) of independently prepared 
diamagnetic Li species (A – D) in the presence of 6.1–Pr ( ~15 mM) and the diamagnetic Li 
species generated from the addition of 10 equiv DBM to 6.1–Pr (48.3 mM, E).  (A) Li2(BINOLate) 






Li-NMR(155 MHz, THF–d8) taken of (A) 6.1–Pr (B) 6.1–Pr (21.8 mM) + 10 equiv 
DBM  (C) 6.1–Pr (48.3 mM) + 10 equiv DBM  (D) C + 10 equiv CHO after 5 min (<5 % 
conversion). 
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Li-NMR(155 MHz, THF–d8) taken of the catalytic reaction promoted by 6.1–Pr 
(41.7 mM, 10 mol %) at various % conversion (A) 6.1–Pr (B) <5% conversion (C)  15% 
conversion (D) 24% conversion (E) 36% conversion (F) 48% conversion (G) 59% conversion (H) 




Li-NMR(155 MHz, THF–d8) supporting assignment of LiC as 
Li(DBM)/Li(BINOLate). (A) 6.1–Pr/CHO/DBM ([Pr] = 41.7 mM; 1:10:10); <5% conversion (B) 
≥95% conversion (C) B spiked with 1 equiv Li(BINOL) (D) C spiked with 1 equiv Li(DBM). 
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Li-NMR(155 MHz, Tol–d8) taken of (A) 6.1–Pr·2CHO (53.7 mM) (B) A + 2 equiv 
DBM after 5 min (C) B after 30 min (3) after 130 min (completion).  
 
 
Figure 6.4.16. Comparison of 
7
Li-NMR spectra (155 MHz, Tol–d8) of (A) 6.1–Pr/CHO/DBM ([Pr] = 
41.7 mM; 1:10:10); <5% conversion (B)  6.1–Pr/CHO/DBM ([Pr] = 50.0 mM); ≥95% conversion 
(C) B spiked with 1 equiv Li(BINOL) (D) C spiked with 1 equiv Li(DBM). Dashed lines provided as 
a guide for the eye. 
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Figure 6.4.18. Conversion (%) versus time (min) of the catalytic Michael addition between CHO 
and DBM promoted by 10 mol % 6.1–Pr  (41.7 mM) with either THF (♦) or Toluene (■) as solvent. 
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Li-NMR EXSY experiments were performed on a Brüker UNI-400 Fourier 
transform NMR spectrometer at 400 and 155 MHz respectively using THF–d8 as a solvent 
(sample concentrations listed below) and a conventional NOESY sequence. 2048 and 512 data 
points were used in the t2 and t1 domain respectively, where 8 scans were collected for each slice 
with the exception of 6.1–Pr + 10 equiv DBM (NS = 16). Several tmix were used for EXSY 
experiments performed at 300 K to determine the optimal value for each relevant exchange 
pathway. In addition to the values of tmix listed, a reference was recorded at tmix = 0 ms. Pseudo-
first order rate contants (k , s
-1
) were calculated using EXSYCalc 1.0 (Mestrelab Research)
21
 from 
volume intensities obtained from the 2D spectra. Activation parameters were determined using 
Eyring plots generated from rate data obtained at several temperatures. 
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Table 6.4.1. Pseudo-first order rate constants obtained for BINOLate exchange between 6.1–Pr 
and 6.1–Eu from 2D 
1
H-NMR EXSY experiments collected at tmix = 140 ms and various 
temperatures. 
Temperature (K) 
k (H(8))  (s
-1
) k (H(7))  (s
-1















273 0.069 0.075 0.053 0.066 0.060 0.081 
300 0.968 0.988 0.899 0.980 0.845 1.014 
307.5 1.694 1.893 1.652 1.799 1.682 1.834 
315 2.904 3.218 2.870 3.122 2.915 3.113 
330 9.593 9.002 9.596 8.754 7.756 8.062 
 
Table 6.4.2. Activation parameters (298 K) obtained for BINOLate exchange between 6.1–Pr and 
6.1–Eu from 2D 
1
H-NMR EXSY experiments collected at tmix = 140 ms and various temperatures. 
Temperature (K) 

















) 14.8 14.5 15.7 14.8 14.8 14.6 
ΔS
‡





) 17.6 17.6 17.7 17.6 17.7 17.5 
R
2
 0.999 0.999 0.999 0.998 0.998 0.998 
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Figure 6.4.19. Representative Eyring plots (top = 6.1–Pr  6.1–Eu, bottom 6.1–Eu  6.1–Pr) 
obtained from 2D-EXSY 
1
H-NMR experiments of 6.1–Pr/6.1–Eu  (15.0 mM / 14.6 mM) taken at 
273, 300, 307.5, 315, and 330 K (H(8), tmix = 140 ms).  
 
Table 6.4.3. Pseudo-first order rate constants obtained for Li
+
 exchange between 6.1–Pr and 
6.1–Eu from 2D 
7











2.5 31.65 25.27 
5 33.77 26.83 
7.5 35.55 28.18 
10 35.20 28.64 
15 37.67 30.19 
25 40.00 31.81 
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Table 6.4.4. Pseudo-first order rate constants obtained for Li
+
 exchange between 6.1–Pr and 
6.1–Eu from 2D 
7











273 4.978 5.129 
300 22.65 23.48 
307.5 35.19 37.43 
315 46.17 50.27 
330 87.89 89.22 
 
Table 6.4.5. Activation parameters (298 K) obtained for Li
+
 exchange between 6.1–Pr and 6.1–
Eu from 2D 
7













) 8.46 8.49 
ΔS
‡





) 15.7 15.6 
R
2
 0.998 0.997 
 
491 
   
 
Figure 6.4.20. Eyring plots (top = 6.1–Pr  6.1–Eu, bottom 6.1–Eu  6.1–Pr) obtained for 2D 
7
Li-NMR EXSY experiments of 6.1–Pr/6.1–Eu  (15.0 mM / 14.6 mM) taken at 273, 300, 307.5, 
315, and 330 K (Li; tmix = 7.5 ms).  
 
 
Figure 6.4.21. Exchange processes observed for 6.1–Pr/6.1–Eu /chalcone (15.0 mM / 14.6 mM / 




Li-NMR EXSY experiments. Bound solvents not shown. 
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Figure 6.4.22. Representative 2D 
1
H-NMR EXSY experiment of 6.1–Pr/6.1–Eu/chalcone (15.0 
mM / 14.6 mM / 314 mM; tmix = 140 ms, 307.5 K). ■ = 6.1–Pr , ■ = 6.1–Eu. 
 
 
Table 6.4.6. Pseudo-first order rate constants obtained for BINOLate exchange between 6.1–Pr 
and 6.1–Eu in the presence of chalcone from 2D 
1
H-NMR EXSY experiments collected at tmix = 
140 ms and various temperatures. 
Temperature (K) 







273 0.094 0.121 
288 0.406 0.474 
307.5 1.939 2.286 
315 3.240 3.323 
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Table 6.4.7. Activation parameters (298 K) obtained for BINOLate exchange between 6.1–Pr and 
6.1–Eu in the presence of chalcone from 2D 
1
H-NMR EXSY experiments collected at tmix = 140 











) 13.8 13.1 
ΔS
‡





) 17.5 17.4 
R
2




Figure 6.4.23. Eyring plots (top = 6.1–Pr  6.1–Eu, bottom 6.1–Eu  6.1–Pr) obtained for 2D 
1
H-NMR EXSY experiments of 6.1–Pr/6.1–Eu/chalcone (15.0 mM / 14.6 mM / 314 mM) taken at 
273, 288.5, 307.5, and 315 K (H(8); tmix = 140 ms).  
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Figure 6.4.24. Representative 2D 
7
Li-NMR EXSY experiment of 6.1–Pr/6.1–Eu/chalcone (15.0 
mM / 14.6 mM / 314 mM; tmix = 7.5 ms, 307.5 K). 
 
 
Table 6.4.8. Pseudo-first order rate constants obtained for Li
+
 exchange between 6.1–Pr and 
6.1–Eu in the presence of chalcone from 2D 
7
Li-NMR EXSY experiments collected at tmix = 7.5 
ms and various temperatures. 
Temperature (K) 
k (Li)  (s
-1
) 
6.1–Pr   
6.1–Eu 
6.1–Eu  
6.1–Pr   
273 5.650 6.041 
288 12.99 14.59 
307.5 32.03 34.32 
315 43.77 46.49 
 
Table 6.4.9. Activation parameters (298 K) obtained for Li
+
 exchange between 6.1–Pr and 6.1–
Eu in the presence of chalcone from 2D 
7
Li-NMR EXSY experiments collected at tmix = 7.5 ms 
and various temperatures. 
Temperature (K) 
Li 
6.1–Pr   
6.1–Eu 
6.1–Eu  





) 7.73 7.66 
ΔS
‡





) 15.7 15.6 
R
2




   
 
Figure 6.4.25. Eyring plots (top = 6.1–Pr  6.1–Eu, bottom 6.1–Eu  6.1–Pr) obtained for 2D 
7
Li-NMR EXSY experiments of 6.1–Pr/6.1–Eu/chalcone (15.0 mM / 14.6 mM / 314 mM) taken at 
273, 288.5, 307.5, and 315 K (Li; tmix = 7.5 ms).  
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, 12 MPa, λobs = 220 nm. 
 
Sample tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 12.32 / 886945 13.59 / 887671 -- 
Enantioenriched (bottom) 11.60 / 786011 12.83 / 1877265 41 
 






   
X-Ray Crystallography. X-ray intensity data were collected on a Bruker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1)K. In all cases, rotation frames were integrated using SAINT,
22





) values which were then passed to the SHELXTL
22
 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 





The structures were solved by direct methods (SHELXS-97).
25
 Refinement was by full-matrix 




 All reflections were used during refinements. 
Non-hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. Crystallographic data and structure refinement information are summarized in Table 
6.4.10. The crystallographically determined bond lengths and angles for 6.1–Pr·2CHO 
(Penn4173) are displayed in Tables 6.4.11 and 6.4.12. 
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Table 6.4.10. Crystallographic parameters for compounds 6.1–Pr·2CHO.  
 6.1–Pr·2CHO (Penn4173)  
Empirical formula C84H80O11Li3Pr  
Formula weight 1427.21  
Temperature (K) 143(1)  
Wavelength (Å) 0.71073  
Crystal system orthorhombic  
Space group P212121  
Cell constants   
a (Å) 11.5108(5)  
b (Å) 14.3754(6)  
c (Å) 43.5215(18)  
α (
o
) 90.00  
β (
o
) 90.00  
γ (
o
) 90.00  
V (Å
3
) 7201.6(5)  
Z 4  
ρcalc (mg/cm
3
) 1.316  
µ (Mo Kα) (mm
–1
) 0.738  
F(000) 2960  
Crystal size (mm
3
) 0.50 x 0.25 x 0.20  
Theta range for data collection 1.83 to 27.54°  
Index ranges 
-14 ≤ h ≤ 14, -18 ≤ k ≤ 18, -56 ≤ 
l ≤ 54 
 
Reflections collected 63061  
Independent collections 16482 [R(int) = 0.0292]  
Completeness to theta = 27.52
o
 99.60%  
Absorption correction Semi-empirical from equivalents  
Max and min. transmission 0.7456 and 0.6486  
Refinement method Full-matrix least-squares on F
2
  
Data / restraints / parameters 16482 / 115 / 911  
Goodness–of–fit on F
2
 1.141  
Final R indices [I>2sigma(I)] R1 = 0.0351, wR2 = 0.0734  
R indices (all data) R1 = 0.0384, wR2 = 0.0745  




0.891 and -1.374  
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 Table 6.4.11. Bond lengths for compound 6.1–Pr·2CHO (Å). 
Pr1-O5  2.365(2) Pr1-O6  2.3683(18) Pr1-O1  2.403(2) 
Pr1-O2  2.404(2) Pr1-O4  2.414(2) Pr1-O3  2.4603(18) 
Pr1-O10  2.525(2) Pr1-Li3  3.147(6) Pr1-Li2  3.194(6) 
Pr1-Li1  3.301(5) O1-C1  1.335(3) O1-Li1  1.890(5) 
O2-C20  1.335(3) O2-Li2  1.860(6) O3-C21  1.333(3) 
O3-Li2  1.856(6) O4-C40  1.322(4) O4-Li3  1.870(7) 
O5-C41  1.342(4) O5-Li3  1.871(7) O6-C60  1.338(3) 
O6-Li1  1.896(5) O7-C61  1.413(5) O7-C63  1.464(8) 
O7-Li1  1.997(8) O8-C65  1.427(5) O8-C67  1.454(5) 
O8-Li2  1.906(6) O9-C69  1.232(5) O9-Li3  1.872(6) 
O10-C75  1.221(4) C1-C10  1.391(5) C1-C2  1.425(5) 
C2-C3  1.353(4) C3-C4  1.414(5) C4-C5  1.419(4) 
C4-C9  1.428(5) C5-C6  1.354(5) C6-C7  1.395(6) 
C7-C8  1.383(4) C8-C9  1.410(5) C9-C10  1.435(4) 
C10-C11  1.496(5) C11-C20  1.395(4) C11-C12  1.432(4) 
C12-C17  1.420(5) C12-C13  1.421(5) C13-C14  1.368(5) 
C14-C15  1.401(6) C15-C16  1.357(6) C16-C17  1.412(5) 
C17-C18  1.414(5) C18-C19  1.351(5) C19-C20  1.427(4) 
C21-C30  1.395(4) C21-C22  1.422(4) C22-C23  1.360(5) 
C23-C24  1.415(5) C24-C29  1.416(4) C24-C25  1.421(5) 
C25-C26  1.355(5) C26-C27  1.411(5) C27-C28  1.366(5) 
C28-C29  1.423(4) C29-C30  1.431(4) C30-C31  1.488(4) 
C31-C40  1.405(4) C31-C32  1.427(4) C32-C33  1.414(5) 
C32-C37  1.430(5) C33-C34  1.370(5) C34-C35  1.403(5) 
C35-C36  1.349(5) C36-C37  1.417(5) C37-C38  1.419(5) 
C38-C39  1.349(5) C39-C40  1.421(4) C41-C50  1.390(4) 
C41-C42  1.426(4) C42-C43  1.346(5) C43-C44  1.414(5) 
C44-C45  1.424(5) C44-C49  1.436(4) C45-C46  1.364(5) 
C46-C47  1.388(6) C47-C48  1.372(5) C48-C49  1.420(4) 
C49-C50  1.436(4) C50-C51  1.493(4) C51-C60  1.395(4) 
C51-C52  1.442(4) C52-C57  1.418(4) C52-C53  1.421(4) 
C53-C54  1.370(4) C54-C55  1.382(6) C55-C56  1.364(5) 
C56-C57  1.417(4) C57-C58  1.406(5) C58-C59  1.352(4) 
C59-C60  1.415(5) C61-C62  1.450(9) C63-C64  1.252(10) 
C65-C66  1.492(7) C67-C68  1.449(8) C69-C70  1.421(7) 
C69-C74  1.493(5) C70-C71  1.355(7) C71-C72  1.468(8) 
C72-C73  1.479(8) C73-C74  1.476(7) C75-C80  1.452(5) 
C75-C76  1.490(6) C75-C76'  1.499(9) C76-C77  1.392(7) 
C77-C78  1.490(8) C76'-C77'  1.464(9) C77'-C78  1.427(9) 
C78-C79  1.453(8) C79-C80  1.364(6) Li1-O11  1.964(8) 
O11-C84  1.408(6) O11-C81  1.461(6) C81-C82  1.444(10) 
C82-C83  1.618(12) C83-C84  1.481(10)   
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Table 8.4.12 Bond angles for compound 6.1–Pr·2CHO (
o
). 
O5-Pr1-O6 74.47(7) O5-Pr1-O1 128.71(8) O6-Pr1-O1 68.67(6) 
O5-Pr1-O2 153.42(7) O6-Pr1-O2 122.14(7) O1-Pr1-O2 77.86(8) 
O5-Pr1-O4 72.67(7) O6-Pr1-O4 85.32(7) O1-Pr1-O4 135.45(8) 
O2-Pr1-O4 87.32(7) O5-Pr1-O3 88.16(7) O6-Pr1-O3 157.22(6) 
O1-Pr1-O3 133.99(6) O2-Pr1-O3 69.57(7) O4-Pr1-O3 75.33(7) 
O5-Pr1-O10 83.30(7) O6-Pr1-O10 114.29(8) O1-Pr1-O10 80.78(9) 
O2-Pr1-O10 104.73(7) O4-Pr1-O10 143.77(8) O3-Pr1-O10 77.24(8) 
O5-Pr1-Li3 36.29(13) O6-Pr1-Li3 77.78(14) O1-Pr1-Li3 146.44(15) 
O2-Pr1-Li3 121.67(13) O4-Pr1-Li3 36.38(13) O3-Pr1-Li3 79.50(14) 
O10-Pr1-Li3 115.16(14) O5-Pr1-Li2 119.33(11) O6-Pr1-Li2 147.12(12) 
O1-Pr1-Li2 110.95(11) O2-Pr1-Li2 35.39(11) O4-Pr1-Li2 72.58(12) 
O3-Pr1-Li2 35.41(11) O10-Pr1-Li2 97.55(12) Li3-Pr1-Li2 96.59(17) 
O5-Pr1-Li1 102.68(12) O6-Pr1-Li1 34.33(10) O1-Pr1-Li1 34.34(10) 
O2-Pr1-Li1 101.00(13) O4-Pr1-Li1 112.26(13) O3-Pr1-Li1 168.14(10) 
O10-Pr1-Li1 99.02(15) Li3-Pr1-Li1 112.10(16) Li2-Pr1-Li1 136.23(16) 
C1-O1-Li1 141.6(2) C1-O1-Pr1 117.46(16) Li1-O1-Pr1 99.82(17) 
C20-O2-Li2 135.0(3) C20-O2-Pr1 126.66(18) Li2-O2-Pr1 96.15(19) 
C21-O3-Li2 124.9(3) C21-O3-Pr1 117.72(16) Li2-O3-Pr1 94.41(18) 
C40-O4-Li3 123.0(3) C40-O4-Pr1 126.05(18) Li3-O4-Pr1 93.7(2) 
C41-O5-Li3 123.3(3) C41-O5-Pr1 123.33(18) Li3-O5-Pr1 95.3(2) 
C60-O6-Li1 133.6(2) C60-O6-Pr1 122.31(16) Li1-O6-Pr1 100.88(17) 
C61-O7-C63 113.3(5) C61-O7-Li1 129.4(4) C63-O7-Li1 115.5(3) 
C65-O8-C67 113.9(3) C65-O8-Li2 125.4(3) C67-O8-Li2 118.6(3) 
C69-O9-Li3 133.8(4) C75-O10-Pr1 139.2(2) O1-C1-C10 121.7(3) 
O1-C1-C2 119.1(3) C10-C1-C2 119.1(2) C3-C2-C1 121.9(3) 
C2-C3-C4 120.8(3) C3-C4-C5 122.4(3) C3-C4-C9 118.4(3) 
C5-C4-C9 119.2(3) C6-C5-C4 121.1(3) C5-C6-C7 120.3(3) 
C8-C7-C6 120.4(3) C7-C8-C9 121.1(3) C8-C9-C4 117.9(3) 
C8-C9-C10 122.1(3) C4-C9-C10 120.0(3) C1-C10-C9 119.2(3) 
C1-C10-C11 120.5(3) C9-C10-C11 120.3(3) C20-C11-C12 119.4(3) 
C20-C11-C10 120.9(3) C12-C11-C10 119.6(3) C17-C12-C13 117.3(3) 
C17-C12-C11 120.2(3) C13-C12-C11 122.5(3) C14-C13-C12 121.7(4) 
C13-C14-C15 120.4(4) C16-C15-C14 119.3(4) C15-C16-C17 122.1(4) 
C16-C17-C18 122.3(4) C16-C17-C12 119.1(4) C18-C17-C12 118.5(3) 
C19-C18-C17 121.0(3) C18-C19-C20 121.9(3) O2-C20-C11 122.3(3) 
O2-C20-C19 118.7(3) C11-C20-C19 119.0(3) O3-C21-C30 122.3(3) 
O3-C21-C22 118.7(3) C30-C21-C22 119.1(3) C23-C22-C21 121.3(3) 
C22-C23-C24 121.1(3) C23-C24-C29 118.8(3) C23-C24-C25 122.2(3) 
C29-C24-C25 118.9(3) C26-C25-C24 121.5(3) C25-C26-C27 119.9(3) 
C28-C27-C26 120.1(3) C27-C28-C29 121.4(3) C24-C29-C28 118.1(3) 
C24-C29-C30 119.7(3) C28-C29-C30 122.2(3) C21-C30-C29 119.9(3) 
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C21-C30-C31 119.4(3) C29-C30-C31 120.6(3) C40-C31-C32 119.7(3) 
C40-C31-C30 119.1(3) C32-C31-C30 121.3(3) C33-C32-C31 122.8(3) 
C33-C32-C37 116.9(3) C31-C32-C37 120.2(3) C34-C33-C32 121.9(3) 
C33-C34-C35 120.2(4) C36-C35-C34 120.2(3) C35-C36-C37 121.1(4) 
C36-C37-C38 122.1(3) C36-C37-C32 119.6(4) C38-C37-C32 118.3(3) 
C39-C38-C37 120.5(3) C38-C39-C40 123.0(3) O4-C40-C31 122.3(3) 
O4-C40-C39 119.5(3) C31-C40-C39 118.2(3) O5-C41-C50 122.1(2) 
O5-C41-C42 117.9(3) C50-C41-C42 120.0(3) C43-C42-C41 121.6(3) 
C42-C43-C44 120.9(3) C43-C44-C45 122.3(3) C43-C44-C49 118.7(3) 
C45-C44-C49 118.9(3) C46-C45-C44 121.3(4) C45-C46-C47 119.8(4) 
C48-C47-C46 121.3(4) C47-C48-C49 121.2(4) C48-C49-C50 123.0(3) 
C48-C49-C44 117.3(3) C50-C49-C44 119.7(3) C41-C50-C49 118.9(3) 
C41-C50-C51 119.5(3) C49-C50-C51 121.5(3) C60-C51-C52 118.2(3) 
C60-C51-C50 119.5(2) C52-C51-C50 122.3(2) C57-C52-C53 117.5(3) 
C57-C52-C51 120.0(3) C53-C52-C51 122.5(3) C54-C53-C52 120.5(3) 
C53-C54-C55 121.9(3) C56-C55-C54 119.4(3) C55-C56-C57 121.0(3) 
C58-C57-C56 121.2(3) C58-C57-C52 119.2(3) C56-C57-C52 119.6(3) 
C59-C58-C57 120.4(3) C58-C59-C60 121.9(3) O6-C60-C51 122.2(3) 
O6-C60-C59 117.8(3) C51-C60-C59 120.0(3) O7-C61-C62 111.6(5) 
C64-C63-O7 125.6(8) O8-C65-C66 107.9(4) C68-C67-O8 113.5(4) 
O9-C69-C70 122.5(4) O9-C69-C74 120.4(4) C70-C69-C74 117.0(4) 
C71-C70-C69 120.4(5) C70-C71-C72 123.5(5) C71-C72-C73 111.7(4) 
C74-C73-C72 112.1(4) C73-C74-C69 113.9(5) O10-C75-C80 122.7(3) 
O10-C75-C76 120.3(4) C80-C75-C76 116.2(4) O10-C75-C76' 116.2(6) 
C80-C75-C76' 117.8(6) C76-C75-C76' 28.5(6) C77-C76-C75 122.9(6) 
C76-C77-C78 117.2(7) C77'-C76'-C75 111.4(10) C78-C77'-C76' 127.3(11) 
C77'-C78-C79 112.4(6) C77'-C78-C77 27.4(7) C79-C78-C77 117.3(5) 
C80-C79-C78 122.5(5) C79-C80-C75 120.1(4) O1-Li1-O6 90.6(2) 
O1-Li1-O11 117.3(4) O6-Li1-O11 111.0(4) O1-Li1-O7 112.0(4) 
O6-Li1-O7 117.0(4) O11-Li1-O7 108.4(3) O1-Li1-Pr1 45.83(13) 
O6-Li1-Pr1 44.79(12) O11-Li1-Pr1 125.0(3) O7-Li1-Pr1 126.6(3) 
O3-Li2-O2 96.6(3) O3-Li2-O8 118.0(3) O2-Li2-O8 129.9(3) 
O3-Li2-Pr1 50.18(14) O2-Li2-Pr1 48.46(15) O8-Li2-Pr1 157.9(3) 
O4-Li3-O5 98.4(3) O4-Li3-O9 130.2(4) O5-Li3-O9 131.3(4) 
O4-Li3-Pr1 49.96(15) O5-Li3-Pr1 48.44(14) O9-Li3-Pr1 176.9(4) 
C84-O11-C81 105.4(5) C84-O11-Li1 128.0(4) C81-O11-Li1 125.1(3) 
C82-C81-O11 112.4(6) C81-C82-C83 102.8(6) C84-C83-C82 102.3(6) 
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CHAPTER 7  
Reversible Non-covalent Immobilization of Rare Earth 
Heterobimetallic Frameworks and their Reactivity in an 
Asymmetric Michael Addition 
 
Abstract 
Heterobimetallic Lewis acid catalysts are broadly useful and methods to recycle them have 
immediate applications. However, their immobilization through covalent binding can be 
challenging. Non-covalent immobilization of supported asymmetric catalysts is attractive due to 
ease of preparation and potential for reversible binding. We report a novel non-covalent binding 
strategy for Shibasaki’s REMB framework (RE = rare earth metal; M = Li, Na, K; B = BINOLate; 
RE:M:B = 1:3:3, [M3(sol)n][(BINOLate)3RE]) and explore the reactivity of the supported catalyst. 
Adapted from work previously published in Adv. Synth. & Catal., 2014, 356, 1243-1254 with 




 Asymmetric catalysis is an attractive and green method for obtaining enantiomerically enriched 
organic compounds.
1
 However, widespread application, including industrially, has been limited 
due to the high costs of transition metal-based enantioenriched catalysts and the difficulty of 
separation of the final products from trace metals.
2
 Immobilization of homogeneous catalysts 
addresses some of these issues; the catalyst can be easily recycled through physical separation, 
which increases ultimate turnover numbers (TONs), while reducing the cost and E-factor of the 
process.
2-3
 Progress has been made in immobilizing catalysts through formation of covalent 
bonds between the enantioenriched ligand and solid support.
2a, 4
 In contrast, immobilization 
through ensembles of non-covalent interactions has received less attention, despite their ease of 
preparation and potential for reversible binding toward catalyst recovery.
2b, 5
 
 The rare earth metals (RE’s; La–Lu, Sc, Y) comprise successful catalysts for a number of 
diverse asymmetric transformations,
6
 where catalyst recycling has been possible in some cases.
7
 
Heterobimetallic and multifunctional RE catalysts often display superior activity due to 
cooperativity between proximate functionalities.
6c, 8
 However, the immobilization of RE catalysts is 
also challenging. For example, Shibasaki’s REMB framework (RE = rare earth metal; M = Li, Na, 
K; B = BINOLate; RE:M:B = 1:3:3, [M3(sol)n][(BINOLate)3RE]) are highly enantioselective 
catalysts for the formation of C–C and C–E (E = N, O, P, S) bonds,
 6a, 6c, 8a, 9 
yet there has been 
only a single report of a supported system. Bhatt and coworkers immobilized LaLB through the 
formation of a covalent bond between the chiral ligand, BINOL, and the heterogeneous support, 
MCM-41.
7i
 Their synthesis of the supported catalyst required nine steps and an overall yield was 
not disclosed. There is a clear need for new strategies to effectively immobilize heterobimetallic 
catalysts such as REMB.  
Previous binding studies by one of us have demonstrated N,N-dimethylethyelenediamine 
(DMEDA) binds tightly to Li
+
 cations in the REMB framework, even in the presence of neat 
coordinating solvent such as THF.
10
 Notably, it was shown that the presence of diamine does not 
affect the catalytic performance of LaLB in Diels-Alder, Henry, or hydrophosphonylation reactions. 
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In light of these observations, we envisioned a strategy for immobilizing heterobimetallic REMB 
catalysts through functionalized achiral solid supports as ligands to remotely bind M
+
 (Figure 
7.1.1). This strategy would represent a noncovalent approach, and would enable the expedient 
syntheses of supported catalysts from achiral materials with minimal perturbation of the chiral 
environment. Herein, we report the synthesis and characterization of a novel family of diverse 
functionalized Merrifield resins (MRs), demonstrate their ability to reversibly bind LaNaB 
presumably at the sodium cations, and investigate their reactivity in an asymmetric Michael 
addition between cyclohexenone and dibenzylmalonate.  
 
Figure 7.1.1. Possible sites/methods for supporting REMB catalysts. Reprinted with permission 
of John Wiley & Sons © 2014. 
7.2 Results/Discussion 
7.2.1 Synthesis and Characterization of Functionalized Merrifield Resins 
 Insoluble organic polymers are used broadly in the immobilization of chiral metal catalysts 
because they have advantages as solid supports including flexibility and ductility.
1b, 11
 Among the 
insoluble polymers, MRs are attractive candidates as supports due to the ease in their chemical 
modification, low cost, and availability.
12
 A series of functionalized MRs (7.X–MR) were 




Scheme 7.2.1. General strategy for functionalized Merrifield resin (MR) synthesis. (A) SN2 
pathway between commercially available 7.8–MR and amine nucleophile (L
1
). (B) CuAAc 
pathway between alkyne functionalized monomers (L
2
) and azide-substituted MR (7.9–MR). 
Reprinted with permission of John Wiley & Sons © 2014. 
 
One synthetic strategy involved the straightforward SN2 substitution (Scheme 1A, L
1
) of 
commercially available chloro-functionalized Merrifield resin, 7.8–MR (1% DVB, f = 0.530 mmol·g
-
1
), and amine nucleophiles. Progress of reactions was monitored using Raman spectroscopy 
following the disappearance of the resin C–Cl stretch (679 cm
-1
). Functionalization values, f 
(mmol·g
-1
), ranged from 0.345 to 0.488 (68 – 100% yield; see Experimental Section, 7.4, for 
further details), and were determined based on nitrogen content obtained from combustion 
analysis of 7.Xa–MR (X = 1, 2, 4, and 6). Commercially available MR, amine nucleophile, and 
base (2 equiv; NEt3, or K2CO3) were combined in toluene or CH3CN and refluxed for 24–72 h to 
furnish 7.Xa–MR (X = 1, 2, and 6). For the synthesis of the linear triamine 7.4a–MR, the SN2 
substitution reaction was performed with nucleophilic resin 7.Xa–MR and electrophilic monomer 
(2-bromoethyl)(methyl)carbamate in CH3CN. Subsequent deprotection of the BOC group 
provided 7.4a–MR (f = 0.345 mmol·g
-1
) in 68% yield overall starting from 7.8–MR (Scheme 7.2.2).  
The second strategy to prepare the functionalized resins utilized the copper(I)-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction,
13
 between readily synthesized alkyne functionalized 
monomers and azide-substituted MR, 7.9–MR,
14
 to form 7.Xb–MR (Scheme 7.2.1B, L
2
). This 




 with a broad range of supported 
catalysts, including an example of a RE-pybox catalyst.
7d
  In the CuAAC the reaction progress 






Scheme 7.2.2. Synthesis of triamine terminated resin, 7.4a-MR. Reprinted with permission of 
John Wiley & Sons © 2014. 
 
1
). Support functionalization values were determined in an analogous manner as for 7.Xa–MR, 
and ranged from 0.289 – 0.471 mmol·g
-1
. 
Reaction of propargyl bromide with 1-aza-15-crown-5 provided the alkyne functionalized 
monomer 7.2a in 86% yield. Compound 7.2a smoothly underwent CuAAC conditions to furnish 
7.2b–MR (f = 0.380 mmol·g
-1
) in 86% yield and 72 % overall yield starting from 7.8–MR (Scheme 
7.2.3). 
 
Scheme 7.2.3. Synthesis of triazole-linked aza-crown-terminated resin, 7.2b-MR. Reprinted with 
permission of John Wiley & Sons © 2014. 
 
 The synthesis of cyclic polyamine, 7.3b–MR (Scheme 7.2.4), required the selective protection 
of three –NH groups in cyclen with Boc anhydride to furnish intermediate 7.3a in 68% yield.
17
 SN2 
reaction of 3a with propargyl bromide produced alkyne-functionalized 7.3b in 82% yield 
(Experimental Section). Compound 7.3b was subjected to CuAAC conditions to provide 
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intermediate 3c, which was immediately deprotected with TFA to furnish 7.3b–MR (f = 0.288 
mmol·g
-1
) in 34% overall yield over 5 steps starting from 7.8–MR.  
 
Scheme 7.2.4. Synthesis of triazole-linked cyclen-terminated resin, 7.3b-MR. Reprinted with 
permission of John Wiley & Sons © 2014. 
 
 The synthesis of secondary diamine containing resin, 7.5b–MR, was achieved in 5 synthetic 
steps as outlined in Scheme 7.2.5. Protection of commercially available sarcosine (N-




 of 7.Xb–MR 
7.5a with propargyl amine formed 5b in 94% yield.  Alkyne functionalized 7.5b was anchored 
through CuAAC to provide resin 7.5c. Following Boc deprotection of 7.5c with TFA and 
performing a subsequent amide reduction
20
 of 7.5d with BH3·THF, the product 7.5b–MR (f = 
0.471 mmol·g
-1
) was obtained in 81% overall yield. 
 
Scheme 7.2.5. Synthesis of triazole-linked secondary diamine-terminated polystyrene resin, 
7.5b-MR.. Reprinted with permission of John Wiley & Sons © 2014. 
 
 A variety of functionalized MR’s were accessible in few steps from commercially available 
starting materials, highlighting the synthetic utility of the two complementary synthetic strategies. 
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With a diverse set of well-characterized functionalized Merrifield resins in hand (7.X–MR) we 
investigated their ability to bind REMB catalysts. 
7.2.2 Catalyst Immobilization Studies and Reversible Binding Properties 
Initial immobilization studies were performed using tetrahydrofuran (THF) as a solvent with 
[M3(sol)n][(BINOLate)3RE] (REMB; RE = La and Eu; M = Li, Na, and K). Stirring solutions of 
REMB with the 7.X–MR (X = 1 – 7) supports in THF resulted in quantitative recovery of the free 
catalysts from the filtrate, as determined by 
1
H-NMR integration against mesitylene as an internal 
standard. We hypothesized that the neat coordinating solvent, THF, outcompeted 7.X–MR for 
binding at the M
+
 sites. This result was not anticipated based on our earlier studies, wherein 
DMEDA outcompeted THF in neat THF.
10
 We rationalized that the weak binding may be due to 
the increased steric hindrance upon tethering the M
+
 binding site to the solid support, rather than 
limited exposure of the dative ligand sites to react with the REMB catalysts.  It should be 
mentioned that THF displays excellent swelling properties for Merrifield resins.
21
  
To favor catalyst binding at the support we employed CH2Cl2 as a solvent. As a non-
coordinating solvent a competitive binding scenario would be eliminated, and CH2Cl2 exhibits 
similar swelling properties to THF, ensuring maximum exposure of the ligand sites. Upon stirring 
the support and REMB complexes together for 1 day, complete immobilization was observed for 
all 7.X–MR, furnishing the polymer supported catalysts, 7.X–MR(REMB). As LaNaB catalysts are 
more effective asymmetric catalysts than RELB catalysts in non-coordinating solvents,
9b, 9d, 22
 we 
focused on characterization of the 7.X–MR(LaNaB) system.  
Characterization of the immobilized catalysts, 7.X–MR(LaNaB), was accomplished using FT-IR, 
combustion analysis (% CHN), and ICP-AES (% La) techniques after thorough washing of the 
impregnated resin with CH2Cl2 and drying under reduced pressure. FT-IR of 7.X–MR(LaNaB) 
revealed characteristic peaks for both MR-X and LaNaB, supporting that the resin and catalyst do 
not experience gross structural changes upon binding (Figures 7.4.24–7.4.32). High 
functionalization values (f; mmol·g
-1





Scheme 7.2.6. Reversible immobilization of LaNaB through choice of solvent. Reprinted with 
permission of John Wiley & Sons © 2014. 
 
Table 7.2.1. Selected values for functionalized Merrifield resins (7.X-MR). Reprinted with 




were determined independently from combustion analysis and ICP-AES techniques (see 
experimental section, 7.4, for further details). 
To the best of our knowledge, this is the first example of a RE or heterobimetallic catalyst 
immobilized using an achiral support as a ligand. Few systems have been investigated using 
achiral supports as ligands for enantioselective transition metal catalysts.
23
 A homobimetallic 
example comes from Davies and coworkers, where they immobilized several chiral dirhodium 
catalysts employing pyridine functionalized polystyrene-based polymers.
23h-j
 While the highest 
levels of reactivity and catalyst immobilization required incorporation of a pyridyl group, controls 
containing non-coordinating phenyl groups in place of pyridyl provided similar levels of initial 
immobilization and reactivity. Their observations suggested that the environment provided by the 
substituted Wang resin was a major contributor to immobilizing the dirhodium catalyst and that 
pyridine coordination was not a necessary prerequisite. 
To differentiate and validate our proposed binding pathway, we performed the control reaction 
between the chloro-functionalized MR starting material and LaNaB. After 48 h of stirring in DCM 
the resin was isolated following identical conditions used for 7.X–MR(LaNaB); the FT-IR of the 
isolated resin remained unchanged from 7.8–MR (Figure 7.4.32, Experimental Section), with 
quantitative recovery of LaNaB in the filtrate, as determined by 
1
H-NMR analysis. Accordingly, we 
propose that binding of the heterobimetallic catalyst to the resin occurs through labile ligand 
exchange events and not supramolecular encapsulation. 
To demonstrate the utility and reversible nature of this attachment strategy, the binding and 
release of LaNaB to 7.X–MR was investigated. Treatment of 7.X–MR(LaNaB) with THF released 
LaNaB into solution (wash efficiency, Table 7.2.1), which was verified through independent 
characterization of the resin (FT-IR, ICP-AES (%La)) and the filtrate (
1
H-NMR). Methylene-linked 
7.Xa–MR(LaNaB) quantitatively released LaNaB upon exposure to THF, however, the triazole-
linked resins, 7.Xb–MR(LaNaB), only released 50–80% of LaNaB. FT-IR of washed 7.Xb–
MR(LaNaB) confirmed the presence of residual LaNaB, which contained characteristic peaks for 
LaNaB (Figure 7.4.26, 7.4.27, and 7.4.29). The physical origin for the increased binding of LaNaB 
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with the triazole-linked resins is still unclear, however, our preliminary studies indicate that the 
choice of linker, rather than increased ligand denticity, can impart significantly different binding 
properties.  
Notably, the binding and release of LaNaB did not affect catalytic activity. Use of the THF 
wash of 7.7a–MR(LaNaB) as a catalyst (10 mol %) in the asymmetric Michael addition of 
cyclohexenone and dibenzyl malonate matched levels of selectivity observed in the original report 
by Shibasaki and co-workers using homogeneous LaNaB and furnishing the Michael adduct in 
91% yield and 87% ee.
9b, 24
  
7.2.3 Investigation of Catalytic Reactivity in an Asymmetric Michael Addition 
 Encouraged by the facile and reversible binding of LaNaB to 7.X–MR, we investigated the 
catalytic activity of 7.X–MR(LaNaB) in the Michael addition of dibenzylmalonate to 
cyclohexenone (Table 7.4.2). Of the non-coordinating solvents investigated (Table 7.4.4, 
Experimental Section), CH2Cl2 provided highest levels of reactivity and selectivity, which we 
attribute to the solvent’s ability to swell the Merrifield resins, increasing the exposed surface area 
of the supported catalyst.
21
 All the catalysts investigated provided  
excellent levels of conversion at room temperature over 12 hours, however, we observed that the 
identity of the achiral support and linker had a significant impact on the enantioselectivity for the 
reaction. While the choice of achiral ligand can be used in homogeneous catalysis to amplify 
stereoselectivity,
9h, 25
 this concept has seen limited application in supported catalysis.  
 From the results in Table 7.2.2, it can be seen that catalysts with linear amine tethers 
performed more selectively than pyridyl or cyclic tethering ligands (entries 5–7 and 11 versus 
entries 1–4), suggesting that the remote coordination of MR-X influenced the chiral environment 
at the catalytic centers. Higher selectivities were observed at room temperature for higher 
denticity linear amines (Entry 7 versus 11 and Entry 5 versus 6), however, denticity and donor 
type (N versus O) had a minimal impact on selectivity in the cyclic tethering ligands (Entries 3 and 
4). Under homogeneous conditions, the presence of macrocyclic chelating agents, such as crown 
ethers, have resulted in the formation of essentially racemic product using the REMB 
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Table 7.2.2. Catalytic reactivity of 7.X-MR(REMB) in an asymmetric Michael addition Reprinted 










1 7.1a-MR(LaNaB) 25 89 33 
2 7.2a-MR(LaNaB) 25 95 48 
3 7.2b-MR(LaNaB) 25 93 44 
4 7.3b-MR(LaNaB) 25 96 47 
5 7.4a-MR(LaNaB) 25 91 72 
6 7.5b-MR(LaNaB) 25 98 51 
7 7.6a-MR(LaNaB) 25 98 66 
8 7.6a-MR(LaNaB) –35 97 80 
9 7.6a-MR(EuNaB) 25 94 49 
10 7.6a-MR(YbNaB) 25 90 28 
11 7.7a-MR(LaNaB) 25 97 59 
12 LaNaB 25 95 35 
a)
 Determined by HPLC 
catalyst framework.
22
 However, moderate levels of selectivity were observed for 7.2–MR(LaNaB) 
and 7.3–MR(LaNaB) in this study (Entries 2–4). The choice of linker affected the extent of 
reversible release of LaNaB from 7.X–MR(LaNaB) with THF (Table 7.2.2), though levels of 
enantioselectivity were comparable between the methylene linked and triazole-linked crown-ether 
analogues (entry 2 and 3).  
 The size of the central RE has been demonstrated to be critical to enantioselectivity across a 
broad array of asymmetric reaction with the REMB catalysts.
9a, b, 9g, 26
 Smaller ionic radii of the 
central RE cation resulted in diminished stereoselectivities (entries 7, 9, and 10), which is 
consistent with the results of the homogeneous Michael addition.
9b
 Lowering the temperature to –
35 °C improved enantioselectivity to 80%, while maintaining high levels of reactivity (entry 8). 
Shibasaki’s original report used hydrated LaNaB in the Michael addition, which provided high 
levels of enantioselectivity in coordinating and non-coordinating solvent. Surprisingly, our use of 
the anhydrous LaNaB catalyst resulted in much lower selectivities (entry 12), and further 
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demonstrates that the achiral polymer support dramatically affects the chiral environment of the 
catalyst. 
 Initial attempts to recycle the catalyst from 7.6a–MR(LaNaB) in CH2Cl2 at –35 °C resulted in 
complete erosion of enantioselectivity after three runs, suggesting that significant catalyst 
leaching was occurring during the reaction (Table 7.2.3). Filtration of the resin from the reaction 
mixture immediately after mixing still resulted in product formation in the filtrate, albeit in lower 
conversion (84% after 24 h at room temperature) and selectivity (41% ee) vs. 100% conversion 
and 66% ee in the presence of the heterogenized 7.6a–MR(LaNaB) catalyst. These results are 
consistent with some catalyst leaching to the homogeneous phase, and provided further evidence 
that resin-catalyst interaction formed a more selective catalyst. 
 
Table 7.2.3. Recycling studies using 7.6a-MR(LaNaB) in an asymmetric Michael addition 
Reprinted with permission of John Wiley & Sons © 2014. 
 
Cycle Conversion (%) ee (%) 
1 100 75 
2 73 36 
3 39 10 
 
 To better understand the nature of the resin-catalyst interaction, we investigated the catalytic 
activity of LaNaB with the homogeneous analogue of 7.6a–MR(LaNaB), N-
benzylethylenediamine. Addition of 10 mol % of N-benzylethylenediamine to 10 mol % LaNaB 
restored the selectivity of the Michael addition from 35% in its absence to 63% ee (Table 7.2.4). 
This result offers further support that 7.X-MR can act as ligand to LaNaB, and can significantly 
alter the chiral environment of the catalyst. While improvements in the resin’s ability to bind the 
catalyst are necessary for the practical application of this strategy, our results offer proof-of-




Table 7.2.4. Ligand effects with LaNaB as a catalyst for the Michael addition Reprinted with 




 In summary, we have readily synthesized a diverse family of functionalized Merrifield resins 
(7.X–MR) through either SN2 or CuAAC reactions. In dichloromethane, 7.X–MR effectively binds 
the asymmetric heterobimetallic catalyst, LaNaB, while maintaining catalyst’s overall structure. To 
the best of our knowledge, these results are the only examples of using dative achiral ligand-
exchange to bind an enantioenriched RE or heterobimetallic catalyst. Preliminary investigation of 
catalytic activity in the Michael addition of dibenzylmalonate to cyclohexenone indicate that the 
identity of the achiral ligand impacted enantioselectivity, while recycling and phase-separation 
studies supported significant catalyst leaching. While improvements to the binding ability of non-
covalently immobilized frameworks are necessary for practical application of this method in 
supported catalysis, noncovalent immobilization of heterobimetallic frameworks should prove 
valuable for supported catalysis and “catch and release” strategies. 
7.4 Experimental Section 
Materials and General Methods When specified, reactions and manipulations were performed 
under an inert atmosphere (N2) using standard Schlenk techniques or in a Vacuum Atmospheres, 
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Inc. Nexus II drybox equipped with a molecular sieves 13X / Q5 Cu–0226S catalyst purifier 
system. Glassware was oven-dried overnight at 150 °C prior to use. 
1
H- NMR spectra were 
obtained on a Brüker DMX-300, Brüker Advance 300, Brüker AM-500, or Brüker Advance 500 





spectra were collected at 75 or 126 MHz respectively. All spectra were measured at 300 K unless 
otherwise specified. Chemical shifts were recorded in units of parts per million downfield from 
residual proteo solvent peaks (
1




H}). All coupling 
constants are reported in hertz. The infrared spectra were obtained from 400-4000 cm
–1
 using 
either a Perkin Elmer 1600 series infrared spectrometer or a Brüker Optics FTIR Alpha 
spectrometer equipped with a DTGS detector. Elemental analyses (C; H; N) for 7.X–MR(LaNaB) 
and 7.X–MR were performed at the University of California, Berkeley Microanalytical Facility 
using a Perkin-Elmer Series II 2400 CHNS analyzer, and at the Universidad Complutense de 
Madrid using a LECO CHNS 932 micro-analyzer respectively. Thin-layer chromatography was 
carried out on EMD pre-coated silica gel 60 F254 plates and visualized by ultra-violet light or by 
staining with potassium permanganate. Silica gel (230-400 mesh, EMD) was used for air-flashed 
column chromatography. Analysis of enantiomeric excess was performed by HPLC using an 
Agilent 1100 series with an AS-H column at 210 nm. Rare earth metal content (%RE) 
measurements were performed by Galbraith Laboratories, Inc. using a Perkin Elmer ICP-OES 
Optima 5300. 
 Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were purchased from 
Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried using a commercial 
two-column solvent purification system comprising columns packed with Q5 reactant and neutral 
alumina respectively (for hexanes and pentane), or two columns of neutral alumina (for THF, 
Et2O and CH2Cl2). The following liquid reagents were purchased from their respective companies, 
degassed using freeze-pump-thaw cycles, and store for 24 h over 4 molecular sieves in an N2 
atmosphere glovebox prior to use: deuterated pyridine (Cambridge Isotope Laboratories, Inc.), N-
benzylethyelendiamine (Oakridge Chemicals), cyclohexenone (TCI), and dibenzylmalonate (TCI). 
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The following anhydrous solvents were purchased from Sigma-Aldrich and used without further 
purification: cyclopentylmethyl ether (CPME), 1,2-dichlorobenzene, Methyl tert-butyl ether 
(MTBE), and dichlorethane (DCE). Synthesis of [M3(THF)n][(BINOLate)3RE],
10b, 27
 and tert-butyl 
(2-bromoethyl)(methyl)carbamate (7.4a)
28
 were synthesized following literature procedures. All 
other chemicals were purchased from commercial sources and used without further purification.  
Synthesis of 7.1a–MR  Bis(pyridin-2-ylmethyl)amine (0.540 mL, 3.00 mmol, 3 equiv; FW: 
199.26) was added to a 50 mL flask charged with Merrifield resin (MR, 1.89 g, 1.00 mmol; f = 
0.530 mmol·g
-1
, 100-200 mesh, Novabiochem;), anhydrous K2CO3 (6 mmol, 0.83g; FW: 138.21 
g·mol
-1
), toluene (12 mL), and a Teflon-coated stir bar. The mixture was heated to reflux, and 
gently stirred. After disappearance of the C–Cl bond (679 cm
-1
, ~36 h) was observed by Raman 
spectroscopy, the mixture was filtered and the solid phase was washed with water (2  30 mL), 
MeOH (2  20 mL), THF (2  20 mL) and CH2Cl2 (2  20 mL). The off-white resin 7.1a–MR was 
dried under reduced pressure at 40 °C for 24 h weighing 1.72 g. The functionalization was 
determined by elemental analysis based on %N (fmax = 0.488 mmol·g
-1
; f = 0.488 mmol·g
-1
, 100% 
yield; 89.27%C, 7.57%H, 2.10%N). 
Synthesis of 7.2a–MR 1-Aza-15-crown-5 (0.400 g, 1.82 mmol, 2.3 equiv; FW = 219.28 g·mol
-1
) 
was added to a 30 mL glass tube charged with MR (1.50 g, 0.795 mmol, f = 0.530 mmol/g), 
anhydrous K2CO3 (0.520 g, 4.7 mmol, 5 equiv; FW: 138.21 g mol
-1
), CH3CN (10 mL), and a 
Teflon-coated stir bar.  The tube was sealed, stirred, and heated to 60 °C. After disappearance of 
the C–Cl bond (679 cm
-1
, ~72 h) was observed by Raman spectroscopy, the mixture was filtered 
and the solid phase was washed with water (5  500 mL), MeOH (1  500 mL), THF (1  200 mL) 
and CH2Cl2 (1  200 mL). The light-yellow resin 7.2a–MR was dried under reduced pressure at 
40 °C for 24 h weighing 1.34 g. The functionalization was determined by elemental analysis 
based on %N (fmax = 0.483 mmol·g
-1
; f = 0.442 mmol·g
-1
, 92% yield; 87.19% C, 7.77% 
H, 0.62% N). 
Synthesis of 7.9–MR A 1 L roundbottom flask was charged with MR (20.0 g, 10.6 mmol, 1 equiv, 
f = 0.530 mmol·g
-1





) was added to the suspension. The reaction was sealed and shaken (orbital shaker) at 60 
°C overnight. After disappearance of the C–Cl bond (679 cm
-1
, ~12 h) was observed by Raman 
spectroscopy, the mixture was cooled to room temperature and filtered. The resin was washed 
with water (500 mL), 50% H2O:MeOH (500 mL), MeOH (500 mL), 50% THF:MeOH (500 mL), 
THF (500 mL), and CH2Cl2 (500 mL), and dried under reduced pressure at 40 °C for 48 h 
weighing 19.01 g. The functionalization value was determined by elemental analysis based on 
%N (fmax = 0.528 mmol·g
-1
; f = 0.510 mmol·g
-1
, 97% yield; 86.21% C, 6.62% H, 2.14% N). 
IR(ATR) = 2096 cm
-1




Synthesis of 7.2a A 100 mL round bottom flask was charged with 1-Aza-15-crown-5 (2.00 g, 
9.13 mmol; FW: 219.28 g·mol
-1
), THF (25 mL), toluene (25 mL), and a Teflon-coated stir bar. 
Triethylamine (6.36 mL, 45.7 mmol, 5 equiv; FW: 101.19 g·mol
-1
) was added and the stirring 
mixture was heated at 60 °C for 15 min. Propargyl bromide (80% in toluene, 2.95 mL, 27.3 mmol, 
3 equiv, FW: 118.96 g·mol
-1
) was added and the mixture was heated at 70 °C for 12 h. The 
mixture was then allowed to cool to room temperature and the white precipitate was separated by 
filtration, washed with THF (2  30 mL), and the filtrate was evaporated to dryness.  The residue 
was suspended water and extracted with CH2Cl2 (2  100 mL). The combined organic layers 
were dried with MgSO4 and evaporated to dryness to yield the product as a yellow oil and was 




H-NMR(500 MHz, CDCl3): δ 3.69-3.64 (m, 16H, OCH2CH2O), 3.46-3-45 (m, 2H, CH2CCH), 





CDCl3): δ 79.55 (CCH), 72.73 (CCH), 71.13 (CH2), 70.65 (CH2), 70.41 (CH2), 69.73 (CH2), 53.86 
(NCH2), 45.11 (CH2CCH). HRMS (ESI
+
) calculated for C13H24NO4 258.1697, found 258.1700. IR 
(ATR, cm
-1
): 2962, 1608, 1561, 1437, 1257, 1010, 789, 684, 501, 
Synthesis of 7.2b–MR A 50 mL Schlenk tube was charged with azide-substituted resin (7.9–MR, 
2.00 g, 1.02 mmol; f = 0.510 mmol·g
-1
), CuI (24.2 mg, 0.127 mmol, 0.12 equiv; FW: 190.45 gmol
-
1
), N,N-diisopropylethylamine (DIPEA, 2.40 mL, 13.8 mmol, 13 equiv; FW: 129.24 g·mol
-1
), and a 
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Teflon-coated stir bar under N2 flow.  DMF (12.5 mL) and THF (12.5 mL) were added to the 
reaction mixture, gently stirred, and heated at 40 °C for 12 h. After disappearance of the 
characteristic azide peak (2100 cm
-1
) the resultant mixture was cooled to room temperature, 
filtered, and the solid was washed with water (500 mL) and MeOH (500 mL). The following steps 
were performed three times: 1) a 100 mL round bottom flask was charged with the resin, THF (50 
mL), and ethylenediamine (1 mL) 2) shaken (orbital shaker) at RT for 20 min, 3) filtered, and 4) 
washed with THF (50 mL) and MeOH (50 mL).  Finally the solid was washed with water (500 mL), 
50% H2O:MeOH (500 mL), 50% THF:MeOH (500 mL), THF (500 mL), and CH2Cl2 (500 mL).   
The light-yellow resin 7.2b–MR was dried under reduced pressure at 40 °C for 24 h weighing 
1.91 g. The functionalization was determined by elemental analysis based on %N (fmax = 0.442 
mmol·g
-1
; f = 0.380 mmol·g
-1
, 86% yield, 72% overall yield (starting from 7.8–MR); 86.99% C, 
7.52% H, 2.10% N).  
Synthesis of 7.3a A 1 L round bottom flask was charged with cyclen (5.50 g, 31.90 mmol; FW: 
172.27 g·mol
-1
), CHCl3 (300 mL), and a Teflon-coated stir bar. Triethylamine (13.3 mL, 95.6 
mmol, 5.7 equiv; FW: 101.19 g·mol
-1
) was added to the stirring solution. A 500 mL addition funnel 
was equipped to the 1 L round bottom flask and was charged with di-tert-butyldicarbonate (20.52 
mL, 88.0 mmol, 2.77 equiv; FW: 218.25 g·mol
-1
) and CHCl3 (250 mL). The contents of the 
addition funnel were added dropwise over 1 h.  The reaction was further stirred for 24 h at RT 
until complete as judged by TLC. The reaction mixture was concentrated under reduced pressure 
and purified by column chromatography (SiO2,50% ethyl acetate:n-hexane) to obtain 7.3a as a 









spectra of 7.3a match the previously reported spectra.
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Synthesis of 7.3b A 250 mL round bottom flask was purged under N2 flow and charged with 7.3a 
(8.15 g, 17.2 mmol; FW:  472.63 g·mol
-1
), CH3CN (160 mL), anhydrous K2CO3 (4.75 g, 34.4 
mmol, 2 equiv; FW: 138.21 g mol
-1
), and a Teflon-coated stir bar. Propargyl bromide (80% in 
toluene, 4.46 mL, 41.4 mmol, 2.4 equiv, FW: 118.96 g·mol
-1
) was added to the reaction mixture at 
room temperature.  The reaction mixture was stirred for ~12 h at reflux until complete as judged 
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by TLC. The contents of the flask were cooled to RT, filtered, and washed with CH2Cl2 (2  100 
mL). The combined filtrate was evaporated under reduced pressure. The residue was treated with 
water (1  200 mL) and extracted with CH2Cl2 (2  100 mL). The combined organic layers were 
dried over MgSO4, and concentrated under reduced pressure. The resulting residue was purified 
by column chromatography (SiO2, 30% ethyl acetate:n-hexane) to obtain 7.3b as a white solid. 




H-NMR(500 MHz, CDCl3) δ: 3.56-3.30 
(m, 14H, CHCCH2 and NCH2CO), 2.80-2.73 (m, 4H, CHCCH2NCH2), 2.18 (t, J = 2.2 Hz, 1H, 




H}-NMR(126 MHz, CDCl3) δ: 
156.20 (COOC(CH3)3), 155.89 (COOC(CH3)3), 155.44 (COOC(CH3)3), 79.90 (C(CH3)3), 79.67 
(C(CH3)3), 79.46 (C(CH3)3), 77.82 (CHCCH2), 73.77 (CHCCH2), 54.56 (NCH2), 53.40 (NCH2), 
50.16 (NCH2), 50.01 (NCH2), 48.08 (NCH2), 47.89 (NCH2), 46.74 (NCH2), 47.28 (NCH2), 39.36 




) calculated for 




): 3249, 2974, 2927, 1671, 1453, 1412, 
1363, 1309, 1246, 1149, 1100, 1030, 978, 945, 905, 856, 771, 681, 558, 503, 451. M.P 123.6–
125.4 °C.
 
Synthesis of 7.3c A 50 mL Schlenk tube was charged with 7.9–MR (2.00 g, 1.02 mmol; f = 0.510 
mmol·g
-1
), CuI (24.2 mg, 0.127 mmol, 0.12 equiv; FW: 190.45 gmol
-1
), and 7.3b (0.76 g, 1.49 
mmol, 1.4 equiv; FW: 510.68 g·mol
-1
), and a Teflon-coated stir bar under N2 flow. DIPEA (2.40 
mL, 13.7 mmol, 13 equiv; FW: 129.24 g·mol
-1
), DMF (12.5 mL) and THF (12.5 mL) were added to 
the reaction mixture, gently stirred, and heated at 40 °C for 12 h. After disappearance of the 
characteristic azide peak (2100 cm
-1
) the resultant mixture was cooled to room temperature, 
filtered, and the solid was washed with water (500 mL) and MeOH (500 mL). The following steps 
were performed three times: 1) a 100 mL round bottom flask was charged with the resin, THF (50 
mL), and ethylenediamine (1 mL) 2) shaken (orbital shaker) at RT for 20 min, 3) filtered, and 4) 
washed with THF (50 mL) and MeOH (50 mL).  Finally the solid was washed with water (500 mL), 
50% H2O:MeOH (500 mL), 50% THF:MeOH (500 mL), THF (500 mL), and CH2Cl2 (500 mL).   
The light-yellow resin 3c was dried under reduced pressure at 40 °C for 24 h weighing 1.92 g. 
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The resin was carried forward assuming a functionalization equal to fmax, 0.407 mmol·g
-1
, and 
used without further characterization.  
Synthesis of 7.3b–MR A 50 mL round bottom flask was charged with resin 3c (2.52 g, 1.03 
mmol, fmax = 0.407 mmol·g
-1
), CH2Cl2 (25 mL), trifluoroacetic acid (TFA, 3 mL, 39.2 mmol, 38.2 
equiv; FW: 114.02 g·mol
-1
), and a Teflon-coated stir bar. The reaction mixture was stirred for ~18 
h at RT. After the disappearance of a characteristic peak for the carbonyl group was observed by 
IR (1736 cm
-1
) the solid was filtered and washed with water (200 mL), MeOH (500 mL), a solution 
of NEt3 in THF (2% v/v, 500 mL), and THF (300 mL).The light yellow resin 7.3b–MR was dried at 
40 °C for 48 h weighing 2.31 g. The functionalization was analyzed by element analysis based on 
N. (fmax = 0.461 mmol·g
-1
; f = 0.290 mmol·g
-1
, 63% yield, 34% overall yield (starting from 7.8–MR); 
84.42% C, 7.36% H, 2.83% N. 
Synthesis of 7.4b A 10 mL flask was charged with 7.6a–MR (0.510 g, 0.250 mmol; f = 0.493 
mmol·g
-1
), anhydrous K2CO3 (68.8 mg, 0.5 mmol, 2 equiv; FW: 138.21 g·mol
-1
), and CH3CN (3 
mL). Tert-butyl (2-bromoethyl)(methyl)carbamate (7.4a, 119 mg, 0.5 mmol, 2 equiv; FW: 238.21 
g·mol
-1
) was added, and the mixture was sealed and shaken (orbital shaker) for 3 days. The 
mixture was filtered and the solid phase was washed with water (2  10 mL), MeOH (2  10 mL), 
THF (2  10 mL), and CH2Cl2 (2  10 mL). The off-white resin 7.4b was dried under vacuum at 40 
°C for 24 h weighing 0.500 g. The functionalization was determined by elemental analysis based 
on %N. (fmax = 0.457 mmol·g
-1
; f = 0.359 mmol·g
-1
, 78% yield; 88.67% C, 7.62% H, 1.51% N). 
Synthesis of 7.4a–MR A 15 mL flask was charged with 7.4b (0.500 g, 0.180 mmol; f = 0.359 
mmol·g
-1
), CH2Cl2 (5 mL), and TFA (2 mL, 26.1 mmol, 145 equiv; FW: 114.02 g·mol
-1
). The 
mixture was sealed and shaken (orbital shaker) for 3 h. The mixture was filtered and CH2Cl2 (5 
mL) and ethylenediamine (5 mL) were added to the solid phase and shaken for 1 h. The product 
was filtered and washed with water (2  10 mL), MeOH (2  10 mL), THF (2  10 mL), and 
CH2Cl2 (2  10 mL). The off-white resin 7.4a–MR was dried under vacuum at 40 °C for 24 h 





; f = 0.345 mmol·g
-1
, 93% yield, 68% overall yield (starting from 7.8–MR); 
88.85% C, 7.78% H, 1.45% N). 
Synthesis of 7.5a A 250 mL round bottom flask was charged with sarcosine (0.900 g, 10.0 
mmol; FW: 89.09 g·mol
-1
), a water solution (100 mL) containing triethylamine (4.18 mL, 30.0 
mmol, 3 equiv; FW: 101.19 g·mol
-1
), and a Teflon-coated stir bar. Di-tert-butyldicarbonate (2.18 g, 
10.0 mmol, 1 equiv; FW: 218.25 g·mol
-1
) was added and the solution was stirred for 3 h. The 
reaction mixture was poured into aqueous HCl (1 N, 30 mL) and extracted with ethyl acetate (3  
100 mL). The organic layer was washed with water (1  100 mL) and brine (2  50 mL), dried with 
MgSO4, filtered, and concentrated under reduced pressure to obtain 5a as white solid. Yield: 1.72 
g (9.09 mmol, 91% yield; FW: 189.21 g·mol
-1
). The product was obtained as a 1:0.95 mixture of 
rotamers based on 
1
H-NMR integration and matched the previously reported spectra.
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Synthesis of 7.5b A 500 mL roundbottom flask was charged with 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl, 8.11 g, 42.3 mmol, 1 equiv; FW: 
191.70 g·mol
-1
), hydroxybenzotriazole monohydrate (HOBT·H2O, 7.12 g, 46.5 mmol, 1.1 equiv; 
FW: 153.14 g·mol
-1
), CH2Cl2 (400 mL), and a Teflon-coated stir bar. The solution was cooled to 0 
°C, and DIPEA (14.77 mL, 85 mmol, 2 equiv; FW: 129.24 g·mol
-1
) was added to the stirring 
solution followed by prop-2-ynylamine (2.71 mL, 4 2.3 mmol, 1 equiv; FW: 55.08 g·mol
-1
). The 
reaction was allowed to warm to room temperature and stirred for ~12 h until complete as judged 
by TLC.  The reaction mixture was washed with NaHCO3 (1  200 mL), followed by brine (1  200 
mL). The aqueous layer was extracted with CH2Cl2 (2  50 mL) and the combined organic layers 
were dried with MgSO4, filtered, and concentrated under reduced pressure. The residue was 
purified by column chromatography (SiO2, CH2Cl2) to obtain 5b as a white solid. Yield: 8.99 g 




H-NMR(500 MHz, CDCl3, 298 K) δ: 6.44-6.12 (m, 
1H, CONH), 4.09-4.08 (m, 2H, CHCCH2), 3.88 (s, 2H, NHCH2), 2.96 (s, NCH3), 2.25-2.24 (m, 1H, 




H}-NMR(126 MHz, CDCl3, 298 K) δ: 169.16 (NHCO), 
156.30 (NCH3CO), 155.43 (NCH3CO), 80.54 (C(CH3)3), 79.46 (CHCCH2), 71.47 (CHCCH2), 52.83 







MHz, CDCl3, 328 K) δ: 169.10 (NHCO), 155.93 (NCH3CO), 80.56 (C(CH3)3), 79.57 (CHCCH2), 





) calculated for C11H18N2NaO3, 249.1220 found 249.1210. IR (ATR, cm
-1
): 3295, 3231, 2977, 
2931, 1661, 1552, 1451, 1390, 1361, 1311, 1231, 1148, 1080, 1015, 962, 908, 884, 772, 692, 
583, 556.  M.P: 90.7 – 92.5 °C.
 
Synthesis of 7.5c A 100 mL Schlenk tube was charged with 7.9–MR (4.00 g, 2.04 mmol; f = 
0.510 mmol·g
-1
), CuI (80.0 mg, 0.420 mmol, 0.21 equiv; FW: 190.45 gmol
-1
), and 7.5b (0.57 g, 
2.52 mmol, 1.2 equiv; FW: 226.28 g·mol
-1
), and a Teflon-coated stir bar under N2 flow. DIPEA 
(4.76 mL, 27.3 mmol, 13.4 equiv; FW: 129.24 g·mol
-1
), DMF (30 mL) and THF (30 mL) were 
added to the reaction mixture, gently stirred, and heated at 40 °C for 12 h. After disappearance of 
the characteristic azide peak (2100 cm
-1
) the resultant mixture was cooled to room temperature, 
filtered, and the solid was washed with water (500 mL) and MeOH (500 mL). The following steps 
were performed three times: 1) a 100 mL round bottom flask was charged with the resin, THF (50 
mL), and ethylenediamine (1 mL) 2) shaken (orbital shaker) at RT for 20 min, 3) filtered, and 4) 
washed with THF (50 mL) and MeOH (50 mL).  Finally the solid was washed with water (500 mL), 
50% H2O:MeOH (500 mL), 50% THF:MeOH (500 mL), THF (500 mL), and CH2Cl2 (500 mL).   
The off-white resin 7.5c was dried under reduced pressure at 40 °C for 24 h weighing 3.82 g. The 
resin was carried forward assuming a functionalization equal to fmax, 0.457 mmol·g
-1
, and used 
without further characterization.  
Synthesis of 7.5d A 100 mL round bottom flask was charged with resin 7.5c (4.20 g, 1.92 mmol; 
fmax = 0.457 mmol·g
-1
), CH2Cl2 (50 mL), TFA (5.0 mL, 65.3 mmol, 34 equiv; FW: 114.02 g·mol
-1
), 
and a Teflon-coated stir bar. The reaction mixture was gently stirred for ~18 h at RT. After the 
disappearance of a characteristic peak for the Boc group was observed by IR (1390 & 1366 cm
-1
) 
the solid was filtered and washed with water (500 mL), MeOH (500 mL), a solution of NEt3 in THF 
(2% v/v, 500 mL), and THF (300 mL). The light yellow resin 7.5d was dried at 40 °C for 12 h 
weighing 4.06 g. The resin was carried forward assuming a functionalization equal to fmax, 0.479 
mmol·g
-1
, and used without further characterization. 
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Synthesis of 7.5b–MR Four 30 mL glass vials were charged with 7.5d (2.90 g, 1.39 mmol; fmax = 
0.479 mmol·g
-1
), boric acid (0.970 g, 15.7 mmol, 11.3 equiv; FW: 61.36 g·mol
-1
), and a Teflon-
coated stir bar. Under N2 flow trimethyl borate (1.75 mL, 15.7 mmol, 11.3 equiv; FW: 103.91 
g·mol
-1
) and borane (1.0 M solution in THF, 57.6 mL, 57.6 mmol, 41.5 equiv; FW: 13.83 g·mol
-1
) 
were added. After the evolution of hydrogen gas was complete, the reaction mixture was stirred 
at 65 °C under N2 for ~60 h.  After disappearance of the carbonyl was observed by IR (1673 cm
-1
) 
the batches were filtered together and washed with THF (1  200 mL). The resin was then treated 
with piperidine (30.0 mL) and gently stirred for 20 h. The resin was then filtered and washed with 
MeOH (500 mL), THF (500 mL), and CH2Cl2 (500 mL).   The off-white resin 7.5b–MR was dried 
at 40 °C for 48 h weighing 2.00 g. The functionalization was analyzed by element analysis based 
on N. (fmax = 0.482 mmol·g
-1
, f = 0.471 mmol·g
-1
, 98% yield, 81% overall yield (starting from 7.8–
MR); 85.26% C, 7.65% H, 3.30% N). 
Synthesis of 7.6a–MR A 50 mL round bottom flask was charged with Merrifield resin (3.77 g, 2 
mmol, f = 0.530 mmol·g
-1
), anhydrous K2CO3 (1.66 g, 12 mmol, 6 equiv; FW: 138.21 g mol
-1
), 
toluene (24 mL), ethylenediamine (1.2 g, 20 mmol, 10 equiv; FW: 60.10 g·mol
-1
), and a Teflon-
coated stir bar. The mixture was heated to reflux and gently stirred. After disappearance of the C–
Cl bond (679 cm
-1
, ~24 h) was observed, the mixture was filtered and the solid phase was 
washed with water (2  30 mL), MeOH (2  20 mL), THF (2  20 mL) and CH2Cl2 (2  20 mL). 
The white resin 7.6a–MR was dried under vacuum at 40 °C for 24 h weighing 3.78 g. The 
functionalization was determined by elemental analysis based on %N (fmax = 0.523 mmol·g
-1
; f = 
0.493 mmol·g
-1
, 94% yield; 89.00% C, 7.79% H, 1.38% N). 
General Procedure A: Synthesis of 7.X–MR(REMB) (7.1a–MR(LaNaB)) 
A 20 mL scintillation vial was charged with 7.1a–MR (247.5 mg, 1.00 mmol; f = 0.404 mmol·g
-1
), 
CH2Cl2 (10 mL), and a Teflon-covered stir bar. Resin immediately was swollen. A clear colorless 
solution of LaNaB (164.2 mg, 0.110 mmol, 1.1 equiv; FW: 1493.50) in CH2Cl2 (2 mL) was added 
to the gently stirring colorless slurry. After 24–48 h the reaction mixture was filtered over a coarse 
porosity frit and washed with CH2Cl2 (3  10 mL). The resin was transferred while swollen and 
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slightly wet to a pre-weighed 20 mL scintillation vial and dried under reduced pressure for 3 h. 
Yield: 362.5 mg, 105 % yield based on functionalization, which was calculated on the basis of 
nitrogen elemental analysis (Eqn S1–3). fmax = 0.283 mmol·g
-1
 (%N = 1.19), f = 0.300 mmol·g
-1
 
(%N = 1.19). %CHN found: C, 81.96; H, 6.12; N, 1.26. %La(ICP-AES) calculated: 3.9%; found: 
3.8%  
7.2a–MR(LaNaB):  The title compound 7.2a–MR(LaNaB) was prepared by General Procedure A 
using 7.2a–MR (500 mg, 0.271 mmol; f = 0.542 mmol·g
-1
) and LaNaB (445.2 mg, 0.298 mmol, 1.1 
equiv; FW: 1493.50). Yield: 0.711 mg, 79% yield based on functionalization. fmax = 0.344 mmol·g
-1
 
(%N = 0.48), f = 0.271 mmol·g
-1
 (%N = 0.38). %CHN found: C, 80.70; H, 6.41; N, 0.38. %La(ICP-
AES) calculated: 3.54%; found: 3.91%. 
7.2b–MR(LaNaB): The title compound 7.2b–MR(LaNaB) was prepared by General Procedure A 
using 7.2b–MR (266 mg, 0.0998 mmol; f = 0.375 mmol·g
-1
) and LaNaB (164.0 mg, 0.110 mmol, 
1.1 equiv; FW: 1493.50). Yield: 0.373 mg, 95% yield based on functionalization. fmax = 0.268 
mmol·g
-1
 (%N = 1.50), f = 0.255 mmol·g
-1
 (%N = 1.43). %CHN found: C, 81.15; H, 6.27; N, 1.43. 
%La(ICP-AES) calculated: 3.30%; found: 3.64%. 
7.3b–MR(LaNaB): The title compound 7.3b–MR(LaNaB) was prepared by General Procedure A 
using 7.3b–MR (300 mg, 0.0702 mmol; f = 0.234 mmol·g
-1
) and LaNaB (115.3 mg, 0.0772 mmol, 
1.1 equiv; FW: 1493.50). Yield: 0.389 mg, 105% yield based on functionalization. fmax = 0.221 
mmol·g
-1
 (%N = 2.16), f = 0.234 mmol·g
-1
 (%N = 2.29). %CHN found: C, 79.66; H, 6.27; N, 2.29. 
%La(ICP-AES) calculated: 3.10%; found: 3.26%. 
7.4a–MR(LaNaB): The title compound 7.4a–MR(LaNaB) was prepared by General Procedure A 
using 7.4a–MR (290 mg, 0.100 mmol; f = 0.345 mmol·g
-1
) and LaNaB (164.3 mg, 0.110 mmol, 1.1 
equiv; FW: 1493.50). Yield: 0.396 mg, 88% yield based on functionalization. fmax = 0.253 mmol·g
-1
 
(%N = 1.06), f = 0.221 mmol·g
-1
 (%N = 0.93). %CHN found: C, 83.69; H, 6.39; N, 0.93. %La(ICP-
AES) calculated: 2.90%; found: 3.25%. 
7.5b–MR(LaNaB): The title compound 7.5b–MR(LaNaB) was prepared by General Procedure A 
using 7.5b–MR (250 mg, 0.118 mmol; f = 0.471 mmol·g
-1
) and LaNaB (193.9 mg, 0.130 mmol, 1.1 
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equiv; FW: 1493.50). Yield: 0.386 mg, 95% yield based on functionalization. fmax = 0.314 mmol·g
-1
 
(%N = 2.20), f = 0.300 mmol·g
-1
 (%N = 2.10). %CHN found: C, 77.96; H, 6.05; N, 2.10. %La(ICP-
AES) calculated: 3.90%; found: 3.89%. 
7.6a–MR(LaNaB): The title compound 7.6a–MR(LaNaB)was prepared by General Procedure A 
using 7.6a–MR (250 mg, 0.247 mmol; f = 0.493 mmol·g
-1
) and LaNaB (405.8 mg, 0.272 mmol, 1.1 
equiv; FW: 1493.50). Yield: 0.366 mg, 88% yield based on functionalization. fmax = 0.324 mmol·g
-1
 
(%N = 0.91), f = 0.286 mmol·g
-1
 (%N = 0.80). %CHN found: C, 77.96; H, 6.05; N, 2.10. %La(ICP-
AES) calculated: 3.70%; found: 3.42%. 
7.6a–MR(EuNaB): The title compound 7.6a–MR(EuNaB) was prepared by General Procedure A 
using 7.6a–MR (203 mg, 0.100 mmol; f = 0.493 mmol·g
-1
) and EuNaB (165.7 mg, 0.110 mmol, 
1.1 equiv; FW: 1506.55).; Yield: 0.307 mg, 96% yield based on functionalization. fmax = 0.322 
mmol·g
-1
 (%N = 0.90), f = 0.311 mmol·g
-1
 (%N = 0.87). %CHN found: C, 82.89; H, 6.46; N, 0.87. 
%Eu(ICP-AES) calculated: 4.40%; found: 4.05%. 
7.6a–MR(YbNaB): The title compound 7.6a–MR(YbNaB) was prepared by General Procedure A 
using 7.6a–MR (203 mg, 0.100 mmol; f = 0.493 mmol·g
-1
) and YbNaB (168.0 mg, 0.110 mmol, 
1.1 equiv; FW: 1527.63).; Yield: 0.237 mg, 88% yield based on functionalization. fmax = 0.320 
mmol·g
-1
 (%N = 0.90), f = 0.350 mmol·g
-1
 (%N = 0.98). %CHN found: C, 83.64; H, 6.68; N, 0.98. 
%Yb(ICP-AES) calculated: 5.50%; found: 3.16%. 
7.7a–MR(LaNaB): The title compound 7.7a–MR(LaNaB) was prepared by General Procedure A 
using 7.7a–MR (450 mg, 0.450 mmol; f = 1.00 mmol·g
-1
) and LaNaB (739.3 mg, 0.495 mmol, 1.1 
equiv; FW: 1493.50).; Yield: 0.713 mg, 106% yield based on functionalization. fmax = 0.485 
mmol·g
-1
 (%N = 0.68), f = 0.514 mmol·g
-1
 (%N = 1.53). %CHN found: C, 79.48; H, 5.69; N, 0.72. 
%La(ICP-AES) calculated: 6.70%; found: 4.46%. 
General Procedure B: Reversible Binding of 7.X–MR(LaNaB) 
Between 60 – 100 mg of 7.X–MR(LaNaB) was washed with THF (2  10 mL) over a coarse 
porosity frit. The resin was transferred while swollen and slightly wet to a pre-weighed 20 mL 
scintillation vial and dried under reduced pressure at 80 °C. The filtrate was evaporated under 
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reduced pressure and weighed. Quantitation of LaNaB released into the filtrate as observed by 
1
H-NMR with use of an internal standard (mesitylene, Figure 7.4.8 and Table 7.4.3). 
[Na3(THF)6][(BINOLate)3La]: 
1
H NMR (300 MHz, Pyr–d5) δ: 7.75 (d, J = 7.8 Hz, 2H), 7.70 (d, J = 
8.9 Hz, 2H), 7.22 (m, 4H), 6.98 (t, J = 7.3 Hz, 2H), 6.85 (t, J = 7.6 Hz, 2H). Lanthanum content 
was obtained from ICP-AES measurements of the dried resin and is listed in Table 7.4.2 
(%Lawash(obs)). 
General Procedure C: Asymmetric Michael Addition Catalyzed by 7.X–MR(LaNaB) (7.6a–
MR(LaNaB)) 
In an N2 atmosphere glovebox, a 2 mL snap-cap vial was charged with 7.6a–MR(LaNaB) (35.0 
mg, 10.0 μmol; f = 0.286 mmol·g
-1
), CH2Cl2 (200 μL), and a Teflon-coated stirbar. Cyclohexenone 
(9.70 μL, 0.100 mmol; FW = 96.13) was added to the swollen resin, resulting in a color change of 
the resin from off-white to yellow. Dibenzylmalonate (24.9 μL, 0.100 mmol; FW = 284.31) was 
added and the reaction was gently stirred. After 12 h, the reaction was diluted with CH2Cl2 (2-4 
mL) and filtered over celite. The filtrate was removed from the glovebox and solvent was removed 
under reduced pressure. The resulting residue was purified by column chromatography (SiO2, 
25% acetone:hexanes), and enantioselectivities were then determined by HPLC (Chiralcel AS-H, 
10% 
i







spectra match the previously reported spectra.
9b
 
Recycling Studies of 7.6a–MR(LaNaB) as a Catalyst in the Asymmetric Michael Addition  
In an N2 atmosphere glovebox, a 4 mL vial was charged with 7.6a–MR(LaNaB) (175 mg, 0.05 
mmol; f = 0.286 mmol·g
-1
), CH2Cl2 (1.00 mL), and a Teflon-coated stirbar. The vial was cooled to 
–35°C (freezer) and cyclohexenone (48.4 μL, 0.500 mmol; FW = 96.13) was added to the swollen 
resin, resulting in a color change of the resin from off-white to yellow. Dibenzylmalonate (124.7 
μL, 0.500 mmol; FW = 284.31) was added at –35°C and the reaction was gently stirred. After 12 
h, the reaction was diluted with dry CH2Cl2 (3 mL) and the solution was decanted. The resin was 
washed with additional CH2Cl2 (2 x 4 mL) and the combined organic layers were brought outside 
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of the glovebox and worked up in an analogous manner to General Procedure C. The resin was 
recharged with CH2Cl2 and reactants at –35 °C and stirred for another 12 h. 
Equations for functionalization values, lanthanide content, and wash efficiency 
Resin functionalization values, f (mmol·g
-1
) were determined from %N content obtained by 
combustion analysis with the following equation:
14b
 
f = (% Nitrogen) x 10 / [(# of N atoms ) x (14.01)]  (Eqn 7.4.1) 
The maximum functionalization value, fmax, represents the theoretical functionalization value 
assuming 100% functionalization, and can be determined from the following equation: 
fmax = f0 / {1 + [f0(FWa-FWl)/1000]}  (Eqn 7.4.2) 
where fo is the functionalization value of the starting resin, FWa is the formula weight of the 
attaching group, and FW l is the formula weight of the leaving group. 
% Yield for a resin can be determined from the following equation: 
% Yield = f / fmax x 100%   (Eqn 7.4.3) 
Where f and fmax are the functionalization values for the product (resin).  
%RE(calc) represents the theoretical lanthanide content of a supported catalyst and was 
determined from the following equation:  
%RE(calc) = fMR-X(REMB) x (FWRE/FWREMB) x 100%   (Eqn 7.4.4) 
Where fMR-X(REMB) was the f value determined from %N content (combustion analysis). 
 
Wash efficiency describes the amount of homogeneous catalyst (LaNaB) removed from the 
supported catalyst after washing with THF, and can be determined from the following equation: 
Wash Efficiency = (%LaMR-X(REMB) / %Lawash) x 100%  (Eqn 7.4.5) 
Where %Lawash is the % La content determined after washing the resins with THF (General 





Scheme 7.4.1. Synthesis and reversible binding of 7.X–MR(RENaB). 



































1.26 0.300 0.283 0.404 106 3.93 3.80 
7.2a–
MR(LaNaB) 
0.38 0.271 0.344 0.542 79 3.55 3.91 
7.2b–
MR(LaNaB) 
1.43 0.255 0.268 0.375 95 3.34 3.64 
7.3b–
MR(LaNaB) 
2.29 0.234 0.221 0.288 106 3.06 3.26 
7.4a–
MR(LaNaB) 
0.93 0.221 0.253 0.345 88 2.90 3.25 
7.5b–
MR(LaNaB) 
2.10 0.300 0.314 0.471 95 3.93 3.89 
7.6a–
MR(LaNaB) 
0.80 0.286 0.324 0.493 88 3.73 3.42 
7.6a–
MR(EuNaB) 
0.87 0.311 0.322 0.493 96 4.07 4.05 
7.6a–
MR(YbNaB) 
0.98 0.350 0.320 0.493 109 4.58 3.16 
7.7a–
MR(LaNaB) 
1.53 0.514 0.485 1.000 106 6.73 4.46 
a – Determined by combustion analysis. b – Determined from eqn 7.4.1. c – Determined from 
eqn 7.4.2. d – f 0 = 7.X–MR. e – Determined from eqn 7.4.3. f – Determined from eqn 7.4.4. g – 















7.1a–MR(LaNaB) 3.80 0.0439 98.8 
7.2a–MR(LaNaB) 3.91 0.069 98.2 
7.2b–MR(LaNaB) 3.64 1.2 67.0 
7.3b–MR(LaNaB) 3.26 1.4 57.1 
7.4a–MR(LaNaB) 3.25 0.0596 98.2 
7.5b–MR(LaNaB) 3.89 0.802 79.4 
7.6a–MR(LaNaB) 3.42 0.0977 97.1 
7.7a–MR(LaNaB) 4.46 0.134 97.0 
a – Determined by ICP-AES. b – Isolated 7.X–MR(LaNaB). c – After washing 7.X–MR(LaNaB) 
with THF. d – Determined from eqn 7.4.5. 
 









b Wash efficiency 
(%)
c 
7.1a–MR(LaNaB) 8.99 8.87 98.7 
7.2a–MR(LaNaB) 30.6 27.8 90.9 
7.2b–MR(LaNaB) 22.9 15.1 65.8 
7.3b–MR(LaNaB) 27.0 12.7 47.0 
7.4a–MR(LaNaB) 7.40 7.24 97.8 
7.5b–MR(LaNaB) 25.8 23.8 92.2 
7.6a–MR(LaNaB) 9.50 9.20 96.8 
7.7a–MR(LaNaB) 28.7 28.4 98.8 
a – Theoretical amount for 100% LaNaB recovered after washing with THF  using the f value for 
7.X–MR(LaNaB). b – Quantified using mesitylene as an internal standard c – (μmol LaNaB 
expected / μmol LaNaB observed) x 100%  
 
 
Table 7.4.4. Solvent effects using 7.6a–MR(LaNaB) as a catalyst in an asymmetric Michael 
addition. 
Entry Solvent ee (%) 




3 Tol 58 
4 MTBE 40 
5 CPME 62 
6 1,2-Cl2C6H4 48 
7 DCE 60 
a – 10 mol% H2O added. Note: Near quantitative catalyst 
leaching was observed (
1






H-NMR(CDCl3, 500 MHz) spectra of 13-(prop-2-yn-1-yl)-1,4,7,10-tetraoxa-13-




































H-NMR(CDCl3, 300 MHz) spectra of 2-((tert-butoxycarbonyl)(methyl)amino)acetic 
acid (7.5a). Note: 7.5a is a mixture of rotamers (1 : 0.95) at 298 K, where the two rotamers have 




C-NMR(CDCl3, 75 MHz) spectra of 2-((tert-butoxycarbonyl)(methyl)amino)acetic 
acid (7.5a). Note: 7.5a is a mixture of rotamers (1 : 0.95) at 298 K, where the two rotamers have 







H-NMR(CDCl3, 500 MHz, 298 K) spectra of tert-butyl methyl(2-oxo-2-(prop-2-yn-





C-NMR(CDCl3, 126 MHz, 298 K)) spectra of tert-butyl methyl(2-oxo-2-(prop-2-






C-NMR(CDCl3, 126 MHz, 328 K) spectra of tert-butyl methyl(2-oxo-2-(prop-2-yn-
1-ylamino)ethyl)carbamate (7.5b).  
 


















Figure 7.4.8. Representative 
1
H-NMR(Pyr-d5, 300 MHz) spectra of washed 7.6a–MR(LaNaB) 















Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 210 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 29.61 / 6463 35.55 / 6516 0 
THF Filtrate from 
washing 7.7a–
MR(LaNaB) (bottom) 
30.48 /  2486 35.73  /  36414 87 






Figure 7.4.11. IR spectrum of 7.1a–MR. 
 




Figure 7.4.13. IR spectrum of 7.2a–MR. 
	 




Figure 7.4.15. IR spectrum of 7.2b–MR. 
 




Figure 7.4.17. IR spectrum of 7.3b–MR. 
 




Figure 7.4.19. IR spectrum of 7.4a–MR. 
 





Figure 7.4.21. IR spectrum of 7.5d. 
 
Figure 7.4.22. IR spectrum of 7.5b–MR. 




Figure 7.4.23. IR spectrum of 7.6a–MR. 
 
 
Figure 7.4.24. Normalized FT-IR (KBr, solid) of a) 7.1a–MR (blue), b) 7.1a–MR(LaNaB) (black), 
c) 7.1a–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed lines 









Figure 7.4.25. Normalized FT-IR (KBr, solid) of a) 7.2a–MR (blue), b) 7.2a–MR(LaNaB) (black), 
c) 7.2a–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 







Figure 7.4.26. Normalized FT-IR (KBr, solid) of a) 7.2b–MR (blue), b) 7.2b–MR(LaNaB) (black), 
c) 7.2b–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 









Figure 7.4.27. Normalized FT-IR (KBr, solid) of a) 7.3b–MR (blue), b) 7.3b–MR(LaNaB) (black), 
c) 7.3b–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 






Figure 7.4.28. Normalized FT-IR (KBr, solid) of a) 7.4a–MR (blue), b) 7.4a–MR(LaNaB) (black), 
c) 7.4a–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 













Figure 7.4.29. Normalized FT-IR (KBr, solid) of a) 7.5b–MR (blue), b) 7.5b–MR(LaNaB) (black), 
c) 7.5b–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom). Dashed lines 






Figure 7.4.30. Normalized FT-IR (KBr, solid) of a) 7.6a–MR (blue), b) 7.6a–MR(LaNaB) (black), 
c) 7.6a–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 









Figure 7.4.31. Normalized FT-IR (KBr, solid) of a) 7.7a–MR (blue), b) 7.7a–MR(LaNaB) (black), 
c) 7.7a–MR(LaNaB) after rinsing with THF (orange), and d) LaNaB (green, bottom).  Dashed 






Figure 7.4.32. Normalized FT-IR (KBr, solid) of a) commercially available Merrifield resin, 7.8–
MR (blue), b) resin reacted with LaNaB in CH2Cl2 under standard conditions (black), and c) 
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CHAPTER 8  
Cation Directed Self-Assembly of Hydrogen-bonded 
Rare Earth BINOLate Complexes and Applications as 




Shibasaki’s REMB catalysts (REMB; RE = Sc, Y, La-Lu; M = Li, Na, K; B = 1,1ʹ-bi-2-
naphtholate; RE/M/B = 1/3/3) are among the most enantioselective asymmetric catalysts across a 
broad range of mechanistically diverse reactions, however, their widespread use has been 
hampered by the challenges associated with their synthesis and manipulation. We report the self-
assembly of novel hydrogen-bonded rare earth metal BINOLate complexes, whose structures are 
controlled by choice of amine base. Incorporation of hydrogen-bonded ammonium cations in the 
secondary coordination sphere leads to unique properties, most notably, improved stability 
toward moisture in solution and in the solid state. We have exploited these properties to develop 
a straightforward, high-yielding, and scalable open-air syntheses that provide rapid access to 
crystalline, non-hygroscopic complexes from inexpensive hydrated RE starting materials. These 
compounds can be used as precatalysts for Shibasaki’s REMB frameworks, where we have 
demonstrated that our system performs with comparable or improved levels of stereoselectivity in 









Multi-functional asymmetric catalysts show marked improvements in reactivity and selectivity 
over traditional catalysts, due to cooperative activation of reaction partners within a single catalyst 
framework.
1
 Shibasaki’s heterobimetallic complexes [M3(THF)n][(BINOLate)3RE]  (REMB; RE = 
Sc, Y, La-Lu; M = Li, Na, K; B = 1,1ʹ-bi-2-naphtholate; RE/M/B = 1/3/3; Figure 8.1.1) are the most 
successful heterobimetallic catalysts, where simple modulation of RE, M, and BINOLate 
substitution patterns produces a diverse library of catalysts. These privileged frameworks 
catalyze the formation of C–C and C–E (E = N, O, P, S) bonds with high levels of stereoselection 
and atom economy.
2
  The products generated by these catalysts have been used as key 
intermediates toward the synthesis of natural products and biologically active compounds.
2b, 2e, 2h-
k, 3
 Despite their exceptional performance, there are several challenges that have prevented the 
widespread practical application of REMB catalysts. 
One such challenge arises because both the structure and the catalytic performance of the 
REMB frameworks are sensitive to trace amounts of moisture.
2c-e, 2i, 2k, l, 4
 As such, REMB 
syntheses typically require the rigorous exclusion of water.
2k-m, 4a, 5
 This restriction represents a 
significant synthetic impediment and also increases the cost of the catalyst, because expensive 
anhydrous functionalized RE starting materials must be employed rather than inexpensive RE 
hydrates.
1d, 6
 A key attribute of the REMB catalysts is the tunability in reactivity and selectivity by 
simply changing RE and M.  
Current synthetic strategies to prepare these catalysts require each RE/M combination to be 
prepared independently. Such an approach is not attractive to high-throughput experimentation 
(HTE) strategies,
7
 where ideally a single pre-catalyst could be used to generate multiple catalysts 
to screen against a large parameter space of reactions and conditions. To overcome these 
challenges we envisioned air and water-tolerant REMB precatalysts that could provide a rapid, 
simple, and user-friendly entry into multiple heterobimetallic frameworks.  
Herein, we report the self-assembly of novel hydrogen-bonded rare earth metal BINOLate 




Figure 8.1.1. Selected catalytic enantioselective transformations which utilize Shibasaki’s REMB 
framework (RE = Sc, Y, La – Lu; M = Li, Na, K; B = (S)-BINOLate; RE/M/B = 1/3/3) as a catalyst. 
 
cations in the secondary coordination sphere are closely associated with BINOLate oxygens, 
where the choice of amine base leads to control of complex structure in the solid state and 
solution. The H-bonding interactions found in the RE BINOLate lead to unique properties, most 
notably, markedly improved stability to the presence of moisture in solution and the solid state. 
We have exploited these properties to develop a straightforward, high-yielding and scalable open-
air syntheses that provide rapid access to crystalline non-hygroscopic complexes from 







 frameworks can be quantitatively generated through either acid-base or cation-exchange 
methods. Our approach provides a general strategy to various RE/M combinations without the 
use of pyrophoric or moisture-sensitive reagents. It also provides a general precatalyst system for 
the REMB catalysts that can be applied to mechanistically diverse reactions with comparable or 




8.2.1. Synthesis and Characterization of Rare Earth BINOLate Ammonium Complexes 
Synthesis and Solid-state Characterization Recent work from our labs
5c, 8
 has demonstrated the 
importance of non-covalent interactions in the secondary coordination sphere with respect to  
 
Figure 8.2.1. (A) Shibasaki’s REMB framework highlighting the multiple Brønsted basic and 
Lewis acidic sites. RE = Sc, Y, La – Lu; M = Li, Na, K; B = (S)-BINOLate; RE/M/B = 1/3/3. (B) 
modulation of Lewis acidity and Bronsted basicity, along with (C) accessibility of the RE center for 
substrate coordination are controlled from the secondary coordination sphere by choice of M. (D) 
Proposed RE-tris(BINOLate) structure containing ionic hydrogen-bonded networks that could be 




tuning the reactivity and properties of REMB frameworks (Figure 8.2.1). In these examples, the 
alkali metal cations modulate the electronics at the RE cation and BINOLate oxygen atoms 
(Figure 8.2.1b), and are the primary determinant for the ability of the RE cation to act as a Lewis 
acid (Figure 8.2.1c). Given these observations, we hypothesized that the isoelectronic 
replacement of alkali metal cations with the appropriate ammonium cations would result in the 
formation of complexes with intramolecular ionic hydrogen-bonding networks (Figure 8.2.1d).
9
 
Hydrogen-bonds (H-bonds) are essential non-covalent interactions that can direct self-assembly 
processes and stabilize reactive fragments in Nature and synthetic systems.
9b, 10
 The strength of 
H-bonding varies greatly with the directionality and charge of the donor/acceptor pair, where bond 
strengths of up to ~35 kcal/mol can be found for ionic/charged systems.
9
 We expected that these 
relatively weak interactions should allow for facile exchange of H-bonded ammonium cations for 
alkali metal cations, which would provide a rapid and unified entry to various REMB frameworks. 
With this approach in mind, we embarked on the synthesis of REMB precatalysts supported by 
hydrogen-bonds. 
Commercially available 1,1,3,3-tetramethylguanidine (TMG) appeared as an ideal candidate to 
begin our synthetic investigations, because when protonated it is a dual H-bond donor that could 
replace the interactions of the main group metal with two BINOLate ligands (see Figure 8.2.1) in 
REMB complexes. TMG is sufficiently basic, pKa(TMG-H
+
) = 13.6 in H2O,
11
 to deprotonate the 
phenolic BINOLate hydrogens, pKa(ArOH) = 10.0 in H2O.
12
 Guanidines are known H-bond donors 
for a variety of anionic hosts.
10c, 13
 Under anhydrous conditions, addition of three equiv TMG to a 
mixture of one equiv RE[N(SiMe3)2]3 and three equiv (S)-BINOL in THF resulted in instantaneous 
and quantitative formation of a new 1:3:3 complex, [TMG-H
+
]3[RE(BINOLate)3] (8.1–RE ), RE = 
La, Eu, Yb, Y. Removal of the volatiles followed by dissolution of the residue in CH2Cl2 and 
layering with pentane furnished 8.1–RE  in excellent crystalline yields: 8.1–RE ; RE = La, 91%, 
Eu, 92%, Yb, 93%, Y, 91% (Scheme 8.2.1).  Ligand substitution at the 6,6′ positions was 
tolerated, where the use of of 6,6′-Br2-BINOL leads to the formation of [TMG-H
+
]3[(6,6′-Br2-




Scheme 8.2.1. Synthesis of 8.1–RE from rigorously anhydrous conditions. 
 
Single crystal X-ray diffraction data for 8.1–RE supported the formation of a 1:3:3 complex 
(Figure 8.2.2). The primary coordination sphere at the La(III) cation formed a distorted octahedron 
consisting of the six-BINOLate oxygen atoms. RE–OBINOLate distances ranged from 2.3996(15)–
2.4154(14) Å, similar to reported six-coordinate REMB frameworks
4a, 5, 8a, 14
 after accounting for 
differences in ionic radii of the RE cations.
15
 As expected, the tetramethylguanidinium cations 
were engaged in bifurcated H-bonding interactions, where each guanidinium cation participated in 
two H-bonds with neighboring anionic BINOLate oxygen atoms. The NTMG–H···OBINOLate distances 







 The observed bond distances and angles (154.2° and 149.1°) for 
the NTMG–H···OBINOLate fragment are consistent with the formation of strong H-bonding interactions 




Figure 8.2.2. Thermal ellipsoid plot of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): La(1)–O(1) 2.3996(15), La(1)–O(2) 2.4154(14), 
N(1)–O(1) 2.782(2), and N(1)–O(2) 2.811(2). Selected bond angles (°): N(1)–H(1a)–O(2) 154.2 
and N(1)–H(1b)–O(2) 149.1. 
Encouraged by the observation of closely associated ionic H-bond interactions in the solid and 
solution states, we extended our synthetic investigations to other ionic H-bond donor motifs. 
While 8.1–RE display dual H-bonding interactions bridging between anionic BINOLate oxygen 
atoms, we were curious whether single point H-bonding interactions would be sufficient to direct 
such a self-assembly process. Treatment of three equiv (S)-BINOL in THF with three equiv 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU, pKa ~12 in H2O)
11
 followed by RE[N(SiMe3]3 resulted in 
the immediate formation of the complex, [DBU-H
+
]3[RE(BINOLate)3] (8.2–RE, Scheme 8.2.2). 
Layering the reaction mixture with hexanes resulted in the crystallization of analytically pure 8.2–
RE in near quantitative crystalline yields: 8.2–RE; RE = La, 94%, Eu, 95%, Yb, 85%, Y, 92% 
yield.  
Single crystal X-ray diffraction data for 8.2–RE revealed a similar 1:3:3 complex to that of 8.1–




Scheme 8.2.2. Synthesis of 8.2–RE from rigorously anhydrous conditions. 
 
Figure 8.2.3. Thermal ellipsoid plot of [DBU-H
+
]3[La(BINOLate)3] (8.2–La) with 30% probability 
thermal ellipsoids.  Interstitial molecules of THF have been removed for clarity. Selected bond 
distances (Å): La(1)–O(1) 2.424(5), La(1)–O(2) 2.353(5), La(1)–O(3) 2.408(4), La(1)–O(4) 
2.395(5), La(1)–O(5) 2.404(5), La(1)–O(6) 2.394(5), N(1)–O(3) 2.656(7), and N(3)–O(5) 
2.972(14), N(5)–O(1) 2.882 (12). Selected bond angles (°): N(1)–H(1)–O(3) 172.7, N(3)–H(3)–





Figure 8.2.4. Plot of  RE–OBINOLate bond lengths (averaged, A) versus the RE ionic radius for 8.1–
RE  and 8.2–RE. 
 
octahedron consisting of the six-BINOLate oxygen atoms. RE–OBINOLate distances ranged from 
2.3996(15)–2.4154(14) Å, similar to those of 8.1–RE. 8.1–RE and 8.2–RE (RE = La, Eu, Yb, Y) 
are isostructural across the series, with plots of RE–OBINOLate(avg) bond distances versus RE ionic 
radii providing a linear fit, as expected for the ionic-bonding configuration (Figure 8.2.4). The 
amidinium cations were engaged in single H-bonding interactions between anionic BINOLate 
oxygen atoms. The NDBU–H···OBINOLate distances ranged from 2.656(7) to 2.972(14), similar to that 




 hydrogen bonds observed for TMG-H
+
 in 8.1–La and suggestive of 
similarly strong H-bonding interactions. In addition to a new structural motif, the solid state 
structures of 8.1–RE offer an opportunity to revise catalyst formulations proposed by Kobayashi 
and coworkers for their Yb(OTf)3, (S)-BINOL, and DBU catalyst system.
17
 Their original proposals 
involved neutral H-bond pairs between Yb(BINOL) and 2 equiv DBU, however, 8.2–RE 
demonstrate that these pairs likely involve BINOLate and an ammonium cation. 
8.1–RE clearly demonstrate that the 1,1-NH protons of guanidinium cations can participate in 
directional H-bonding interactions, however, we were interested whether the more commonly 
observed 1,3 H-bond relationship
10i, 11, 13b, 18




Scheme 8.2.3. Synthesis of 8.3–La from rigorously anhydrous conditions. 
BINOL in THF with three equiv triazabicyclodecene (TBD, pKa = 14.7 In H2O)
19
 followed by 
La[N(SiMe3]3 resulted in the immediate formation of the complex, [TBD-H
+
]3[La(BINOLate)3] (8.3–
La). Layering THF solutions of (8.3–La) with hexanes resulted in the crystallization in 80% yield 
(Scheme 8.2.3). Single crystals of 8.3–La grown from vapor diffusion of THF/hexanes or 
THF/pentane led to poorly diffracting needles, and a fully refined structure was not obtained for 
8.3–La. The preliminary solution did confirm the expected connectivity, where the bifurcated 1,3 
H-bonding relationship was observed (Figure 8.2.5).  
Incorporation of H-bond donors in close proximity of Lewis acidic or Bronsted functionalities 
has led to the identification of highly enantioselective asymmetric catalysts.
10i, 18, 20
 In addition to 
these cooperative interactions, 1,3 H-bonding motifs have also led to activation of substrates 
through anion binding.
21
 In an effort to incorporate an H-bond donor that could further participate 
in H-bonding with substrates we investigated 1,3-diphenylguanidine (DPG, pKa 10.12 = H2O),
22
 
which could bind through either the 1,1 and 1,3 H-bonding motifs. Addition of three equiv DPG to 
three equiv (S)-BINOL in THF, followed by addition of RE[N(SiMe3]3 led to the formation of [DPG-
H
+
]3[La(BINOLate)3] (8.4–La, Scheme 8.2.4). X-ray quality single crystals could be obtained from 
concentrated solutions of CH2Cl2 layered with pentane, however, these crystals were not 




Figure 8.2.5. Thermal ellipsoid plot of [TBD-H
+
]3[La(BINOLate)3] (8.3–La) with 30% probability 
thermal ellipsoids. 8.3–La crystallized with two molecules in the asymmetric unit, displayed 
above.  
solvent, followed by removal of solvent also led to equally insoluble solids at high concentrations, 
suggesting aggregation at high concentrations in the absence of more polar solvents or donor 
ligands.  The poor solubility of 8.4–La prevented the successful purification/isolation of 




Scheme 8.2.4. Synthesis of 8.4–RE from rigorously anhydrous conditions. 
 
Figure 8.2.6. Thermal ellipsoid plot of [DPG-H
+
]3[La(BINOLate)3] (8.4–La) with 30% probability 
thermal ellipsoids. Interstitial molecules of THF were removed for clarity. Selected bond distances 
(Å): La(1)–O(1) 2.389(2), La(1)–O(2) 2.396(2), La(1)–O(3) 2.393(3), N(2)–O(2) 2.696(4), N(3)–
O(3) 2.707(4), and N(5)–O(1) 2.691(4). Selected bond angles (°): N(2)–H(2a)–O(2) 161.6, N(3)–
H(3a)–O(3) 146.5, and N(5)–H(5a)–O(1) 173.7. 
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The solid state structure of 8.4–La displayed closely associated DPG-H
+
 cations, which were 
participating as H-bond donors in a 1,3 relationship (Figure 8.2.6). Like the other H-bond donors 
investigated, the primary coordination sphere at the La(III) cation formed a distorted octahedron 
consisting of the six-BINOLate oxygen atoms. RE–OBINOLate and NDPG–H···OBINOLate bond 
distances were similar to the other charged guanidinium and amidinium complexes (8.1–RE, 8.2–
RE, and 8.3–La) suggesting the potential generality of using amine bases to form new RE 
BINOLate complexes through the formation of a strong H-bonding interaction.  
 
 
Scheme 8.2.5. Synthesis of 8.5–La and 8.6–La from rigorously anhydrous conditions. (i) 2.5 
equiv (S)-BINOL, 2 equiv pyrrolidine, THF, RT, 15 min. (ii) 2.5 equiv (S)-BINOL, 2 equiv 
pyrrolidine, THF, RT, 15 min. Order of addition for (i) and (ii) were (1) (S)-BINOL (2) base (3) 
La[N(SiMe3)2]3. 
 
Given the unique self-assembly of 8.1, 8.2, 8.3, and 8.4, we chose to extend our investigations 
to other types of amine bases. All the bases investigated thus far contained sp
2
 hybridized H-
bond donors, and led to RE:BINOLate stoichiometries of 1:3. Use of sp
3
 hybridized secondary 
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amines, pyrrolidine (pyr, pka = 11.31 in H2O)
23
 or piperdine (pip, pka = 11.12 in H2O),
23
 led to the 
formation of dimeric complexes with RE:BINOLate stoichiometries of 1:2.5, [Pyr-H
+
]4[La2(H2O) 
(BINOLate)5] (8.5–La) and [Pyr-H
+
]4[La2(H2O)(BINOLate)5] (8.6–La) in 60 and 48% yield 
respectively (Scheme 8.2.5).  Treatment of 8.5–La and 8.6–La with excess BINOL or amine still 
results in the formation of 8.5–La and 8.6–La, suggesting a preference for the 1:2.5 stoichiometry 
using pyr and pip as bases. While synthesized under rigorously anhydrous conditions, 8.5–La 
and 8.6–La reproducibly crystallized with adventitious water.  
 
Figure 8.2.6. Thermal ellipsoid plot of [Pyr-H
+
]4[La2(H2O) (BINOLate)5] (8.5–La) with 30% 
probability thermal ellipsoids. Interstitial molecules of THF were removed for clarity. Selected 
bond distances (Å): La(1)–O(1) 2.3375(17), La(1)–O(2) 2.4725(18), La(1)–O(3) 2.3853(18), 
La(1)–O(7) 2.4671(17), La(1)–O(8) 2.5537(18), La(1)–O(10) 2.4497(19), La(1)–O(11) 2.706(2), 
La(2)–O(4) 2.372(2), La(2)–O(5) 2.419(2), La(2)–O(6) 2.4139(18), La(2)–O(9) 2.3609(19), La(2)–
O(8) 2.4135(19), La(2)–O(10) 2.4919(19), N(1)–O(2) 2.550(3), N(2)–O(4) 2.749(3), N(2)–O(5) 
2.640(4), N(3)–O(6) 2.604(3), N(4)–O(7) 2.629(3), and N(4)–O(1) 2.862(5). Selected bond angles 
(°): N(1)–H(1b)–O(2) 177.2, N(2)–H(2b)–O(4) 138.6, N(2)–H(2a)–O(5) 154.0, N(3)–H(3b)–O(6) 
162.9, N(4)–H(4a)–O(7) 175.4, and N(4)–H(4b)–O(1) 165.6. 
X-ray diffraction data of 8.5–La and 8.6–La revealed dimeric structures (Figure 8.2.6 and 
Figure 8.2.7), with RE:BINOLate stoichiometries of 1:2.5. The two La cations display different 
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coordination numbers; one La adopts a six-coordinate geometry with 4 BINOLates bridging 
between La centers, whereas the other La cation adopts a seven-coordinate geometry with the 
seventh ligand being H2O. We believe that the unique RE:BINOLate stoichiometry originates from 




 hybridization results in 
a different geometrical constraint for the N–H
+
 donor to engage in H-bonding interactions while 
not enacting any steric penalties. The solid state structures of 8.5–La and 8.6–La also address 
catalyst formulations proposed by Kobayashi and coworkers for catalysts generated from 
Yb(OTf)3, (S)-BINOL, and 1,2,2,6,6-pentamethylpiperidine (PMP).
24
 Akin to the formulations using 
DBU as a base, they proposed neutral H-bond pairs between Yb(BINOL) and 2 equiv TMP; 
 
Figure 8.2.7. Thermal ellipsoid plot of [Pip-H
+
]4[La2(H2O)(BINOLate)5] (8.6–La) with 30% 
probability thermal ellipsoids. Interstitial molecules of THF were removed for clarity. Selected 
bond distances (Å): La(1)–O(1) 2.3933(19), La(1)–O(2) 2.4191(18), La(1)–O(3) 2.3976(18), 
La(1)–O(4) 2.4769(18), La(1)–O(5) 2.3622(19), La(1)–O(7) 2.4428(18), La(2)–O(6) 2.4040(19), 
La(2)–O(8) 2.4482(17), La(2)–O(9) 2.3447(19), La(2)–O(10) 2.4688(18), La(2)–O(4) 2.4411(17), 
La(2)–O(7) 2.5470(18), La(2)–O(11) 2.649(2), N(1)–O(1) 2.596(3), N(1)–O(3) 2.761(3), N(2)–O(2) 
2.604(3), N(2)–O(5) 2.849(3), N(3)–O(6) 2.973(3), N(3)–O(10) 2.568(3), N(4)–O(8) 2.573(3), and 
N(4)–O(9) 2.931(4). Selected bond angles (°): N(1)–H(1a)–O(1) 160.4, N(1)–H(1b)–O(3) 131.5, 
N(2)–H(2b)–O(2) 159.4, N(2)–H(2b)–O(5) 143.6, N(3)–H(3a)–O(6) 130.2, N(3)–H(3b)–O(10) 
165.7, N(4)–H(4b)–O(8) 174.7, N(4)–H(4a)–O(9) 144.1. 
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however,  8.5–La and 8.6–La demonstrate that these pairs likely involve BINOLate and an 
ammonium cation. Furthermore, the dramatic selectivity differences observed for various achiral 
bases can be further rationalized; the choice of amine directly impacts the catalyst structure, 
where we have observed that going from an sp
2
 to an sp
3
 hybridized ammonium cation can lead 
to monomeric or dimeric structures. 
Preliminary investigation of other sp
3
 hybridized amines, such as primary amines (aniline, tert-
butyl amine, or n-butyl amine) formed complexes that showed solvent dependency and often 
would become insoluble in non-coordinating solvents. These behaviors are similar to 8.4–La, 
again suggestive of aggregation/oligomerization in the absence of polar/donor solvents. Use of 
tertiary amines, such as 1,1,8,8-tetramethyl-diaminonaphthalene (Proton-sponge®),  N,N-
Diisopropylethylamine (Hünig’s base), or triethylamine did not facilitate the isolation of crystalline 
RE BINOLate complexes. We propose that this is due to the steric bulk of the amine bases, which 
would prevent favorable H-bonding interactions. 






H}-NMR spectra were consistent with D3 symmetric complexes for 8.1–RE, 8.2–






H}-NMR spectra for 8.5–La 
and 8.6–La suggested a lower symmetry structure, consistent with the observed solid state 
structures (Figure 8.2.8). In the case of 8.2–RE, the C-H resonances of DBU-H
+
 were 
diastereotopic, which could only occur through close association of the H-bond donor in solution. 
Despite the similarity between the gross structures of for 8.1–RE, 8.2–RE, and 8.3–La and 
REMB frameworks, the impact of paramagnetism on the observed chemical shift of the 
1
H-NMR 
resonances were less than that of REMB (see experimental section for more details). However, 
due to their proximity and geometrical relationship to the RE cation, the NH2 groups experienced 
significant broadening and paramagnetic shift – akin to that observed for the Li cations in RELB in 
7









H NMR(CDCl3, 500 MHz) spectra of 8.X–La. (A) X = 1, (B) X = 2, (C) X = 3, (D) X 





H DOSY NMR spectrum of 8.1–La and internal references (TMS, Fc) at 300 K 






To provide further evidence that the solid state structures of the RE-BINOLate complexes were 
preserved in solution, 
1
H-Diffusion Ordered NMR Spectroscopy (
1
H-DOSY NMR) was performed 
for 8.1–La, 8.2–La, 8.3–La, 8.5–La, 8.6–La (representative 2-d spectra presented for 8.1–La as 
Figure 8.2.9).  Values of rH (rH(avg)) determined from 
1
H-DOSY measurements values (Table 8.2.1) 
supported solution formulations consistent with those obtained from x-ray diffraction studies; 8.1–
La, 8.2–La, and 8.3–La were monomeric, whereas  8.5–La and 8.6–La were dimeric. To the best 
of our knowledge this is the first example demonstrating that the choice of ammonium cation can 
direct the self-assembly of rare earth complexes in the solid state and solution.  
Table 8.2.1. Do and rH determined from 
1
H DOSY measurements of 8.1–La, 8.2–La, 8.3–La, 8.5–





























 6.16(39) 6.95(45) 6.56(60) 8.685 
8.2–La 5.34(25) 5.89(28) 6.94(33) 6.40(43) 8.602 
8.3–La 5.11(21) 6.21(26) 6.67(32) 6.44(41) 8.424 
8.5–La 4.40(25) 8.28(47) 9.65(56) 8.97(73) 10.212 
8.6–La 4.39(18) 9.12(38) 10.55(44) 9.84(58) 10.186 
a – Averaged value from BINOLate resonances. b – Based on rH determined for TMS (CSD ref = 
TIVWOL: 2.365(6) Å). c – Based on rH determined for Fc (CSD ref = FEROCE; 2.790(2) Å). d – 
Averaged value of TMS and Fc values. e – Based on rH determined from crystal structures (see 
experimental section, Figures 8.4.39). 
 
Binding Studies 
 Given the importance of Lewis base coordination at the central RE, binding studies were 
pursued. Previously, use of paramagnetic Eu and Yb analogues in the REMB framework led to 
the observation of metal-substrate interactions.
2c, 5b, c
 Contrary to the RE/Li frameworks, addition 
of cyclohexenone to 8.1–Eu and 8.1–Yb resulted in negligible shifts (≤ 0.012 ppm) of the alkenyl 
protons (Figure 8.2.10, Table 8.2.2). The negligible shifts suggest that no binding of the 
cyclohexenone occurred at the RE center, and that 8.1–RE are coordinatively saturated.  
Intrigued by the inability of 8.1–RE to bind cyclohexenone, we extended our investigations to a 
smaller Lewis base, H2O. While H2O can coordinate to REMB systems,
2c, 4a






H-NMR(CDCl3, 500 MHz) spectra of (A) 0.120 M cyclohexenone, 0.028 M 
mesitylene, (B) (A) + 0.020 M 8.1–La, (C) (A) + 0.020 M 8.1–Eu, (D) (A) + 0.020 M 8.1–Yb, (E) 
(A) + 0.020 M 8.1–Y. * = Residual proteo solvent peak from CDCl3. All spectra were referenced to 
Hmes (6.810 ppm). 
 
Table 8.2.2. Collected 
1
H-NMR values related to binding studies of 8.1–RE  with cyclohexenone.  
Compound Hα (ppm) ΔHα (ppm) Hβ (ppm) ΔHβ (ppm) 
NA 7.002 --- 6.035 --- 
8.1–La 6.998 0.004 6.031 0.004 
8.1–Eu 6.996 0.006 6.032 0.003 
8.1–Yb 6.990 0.012 6.032 0.003 





H-NMR(CDCl3, 400 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) + H2O (0 





hydrolysis occurs where the formation of polynuclear hydroxide clusters have been observed and 
characterized in the solid state.
4b
 Addition of H2O (0–200 equiv) to 8.1–RE  does not result in the 
appearance of free protonated BINOL in the 
1
H-NMR, nor does it induce formation of multi-RE 
cation cluster compounds as observed with the REMB frameworks (Figure 8.2.11). 
The water tolerance of 8.1–RE is exceptional, especially when considering the moisture 
sensitivity observed for Saa and coworker’s RE-BINOLAM system (BINOLAM = 3,3′-
diethylaminomethyl-1,1′-bi-2-naphthol; RE:BINOLAM = 1:3, Figure 8.2.12).
25
 In contrast to 8.1–
RE, RE-BINOLAM contains neutral intramolecular H-bonding pairs that consist of phenolic OH 
donors and alkyl amine acceptors. The RE-BINOLAM complexes are highly sensitive to ligand 
hydrolysis; synthesis of RE-BINOLAM complexes require rigorous exclusion of water, while the 
generation of free ligand from a hydrolysis event can be observed even in dry CD3CN.
25c
  
We attribute the water tolerance of 8.1–RE to the strong preference for a six-coordinate 
geometry at the RE cation. Both RE-BINOLAM and REMB complexes will coordinate H2O to 
adopt seven-coordinate geometries.
2c, 4a, 25c
 The acidity of H2O coordinated to RE cations is 
increased by ~5–6 orders of magnitude,
26
 resulting in enhanced rates of ligand hydrolysis. We 
propose that the coordination preferences in 8.1–RE arise from the unique intramolecular, ionic 
H-bonding interactions. The H-bond donors, H-TMG
+
, assume geometries in the solid state that 
maximize the strength of the directional H-bonding interactions. Coordination of H2O or other 
Lewis bases at the RE
3+
 cations would increase the energy of the system by weakening those 
intramolecular H-bonding interactions, disfavoring the seven-coordinate geometries for 8.1–RE. 
 





Open-air Synthesis of 8.1–RE (RE = La, Eu, Yb, Y) 
Encouraged by the moisture stability of 8.1–RE, we pursued a modified, open-air, benchtop 
synthesis using inexpensive hydrated RE starting materials. By taking advantage of the rapid 
kinetics associated with complex formation and the low solubility of 8.1–RE in polar solvents, a 
convenient and expedient synthetic procedure was identified. Addition of six equiv TMG to 
concentrated stirring solutions of RE(NO3)3·6H2O/(S)–BINOL (1:3 ratio) resulted in the immediate 
precipitation 8.1–RE, which could be crystallized from CH2Cl2/pentane in 70–85% yield. Using 
these conditions 8.1–La was easily prepared on a 25 g scale (Scheme 8.2.6). Other early REs 
(La–Eu) were accessible following this procedure, with 8.1–Eu reported as a representative, fully 
characterized example obtained in 79% crystalline yield. 
 
Scheme 8.2.6. Open-air synthesis of 8.1–RE (RE = La, Eu; 70 – 85% yield; up to 25 mmol 
scale).  
 
The successful synthesis of 8.1–RE  from hydrated starting materials was surprising, because 




 and the aqueous speciation of 
RE(NO3)3, that tend to form RE(NO3)x(OH)y-x compounds at neutral or basic pH following acid 
hydrolysis.
28
 In this context, the increased Lewis acidity of the late lanthanides (Gd–Lu) and Y 
proved problematic for their open-air syntheses of 8.1–RE, where unlike the early lanthanides, 
the formation of an inseparable byproduct (~30%) was observed even upon changing the order or 
rate of addition of the reactants. Suppression of this byproduct, likely a mixed hydroxide species, 
was possible by lowering the pH of the RE(NO3)3·xH2O solution with three equiv acetic acid. 
Addition of a CH3CN solution of three equiv (S)-BINOL and six equiv TMG to the acidified 
588 
 
RE(NO3)3·xH2O solution, followed by neutralization with an additional three equiv TMG resulted in 
the rapid formation and precipitation of 8.1–RE. Crystallization from CH2Cl2/pentane furnished 
8.1–RE in similarly high yields, 8.1–RE: Y = 85%, Yb = 80%, where 8.1–Y was synthesized on a 
10 g scale.  
Notably, the synthesis of 8.1–RE from either method could be carried out using technical-grade 
solvents without additional drying, and provided anhydrous, crystalline products following mild 
drying conditions (~50 °C, 200 mTorr, 2 h). Unlike the REMB or RE-BINOLAM complexes, no 
coordinated or interstitial H2O crystallized with 8.1–RE synthesized from bench-top methods.
2c, 4a, 
25c
 In addition to the strong preference for a six-coordinate geometry of the RE cation in 8.1–RE, 
we propose that the hydrophobic methyl substiutents of TMG-H
+
 contribute to the non-
hygroscopic properties of 8.1–RE.  
8.2.2. Generation of REMB from Rare Earth BINOLate Ammonium Complexes and 
Catalytic Investigations. Generation of REMB from 8.1–RE. After establishing a practical 
synthetic protocol for the generation of 8.1–RE, we investigated methods to access Shibasaki’s 
heterobimetallic catalysts using 8.1–RE as starting materials. While the ionic H-bonding 
interactions in 8.1–RE evidently conferred stability against hydrolysis, we envisioned that the 
large enthalpic contribution from forming new M–OBINOLate bonds should provide a strong 
thermodynamic driving force for the formation of the REMB complexes from 8.1–RE. Indeed, 
installation of M
+
 was possible through either acid-base or cation-exchange methods (Scheme 




] (see experimental 
section for further details). A representative example is shown in Figure 8.2.13, where addition of 
excess LiI to 8.1–Eu immediately generates EuLB as the single observable Eu-containing 
product. Notably, the presence of coordinated water to the REMB was not observed by 
1
H-NMR 
using 8.1–RE synthesized from rigorously anhydrous or bench-top methods, supporting the 
anhydrous and non-hygroscopic nature of 8.1–RE (Figure 8.2.13). 
While syntheses of RE heterobimetallic frameworks have been achieved through acid-base, 
redox,  ligand-exchange, or metathetical synthetic routes,
29
 to the best of our knowledge, there 
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have been no reports using cation-exchange from a RE/ammonium precursor. Our method 
provides a new and complementary approach that offers several potential advantages compared  
to traditional synthetic strategies. A large variety of inexpensive MX salts and amine bases of 
varying pKa are commercially available, which should expedite the identification of new  
 
 
Scheme 8.2.7. Generation of REMB from 8.1–RE through cation-exchange or acid-base 
reactions with ≥ 3 equiv MX.  
 
 
Figure 8.2.13. (A) 
1

















heterobimetallic frameworks. Moreover, operational simplicity is also greatly improved by avoiding 
the use of strong bases that are typically moisture sensitive. 
Catalytic Investigations of 8.1–La/MX Precatalyst System. Given the rapid and clean 
conversion of 8.1–RE to various REMB products through cation metathesis, we turned our 
attention to identifying conditions where 8.1–RE could be used as a general precatalyst for REMB 
reactivity. As an initial trial, the asymmetric Michael-addition was chosen due to its synthetic 
utility,
1c, 30
 and the sensitivity of the Lewis-acid/Brønsted-base mechanism to catalyst structure, 
especially in REMB frameworks.
2c
 While we demonstrated REMB can be generated from 8.1–RE 
and MX, the optimal combination of MX source, solvent, and additives necessary to ensure the 
best catalytic performance was unclear at the onset. Given the large number of available 
combinations of RE and the main group metal, we employed microscale high-throughput 
experimentation (HTE) techniques
7
 to identify conditions for 8.1–La/NaX as a precatalyst for 
LaNaB. A variety of NaX sources were screened with THF or toluene as solvent using 
cyclohexenone (8.7a) and dibenzylmalonate (8.8c) as model substrates. The optimization results 
for this study are presented in Table 8.2.3.  
As a control experiment, we screened the hydrogen-bound complex 8.1–La in asymmetric 
Michael addition. 8.1–La was not a competent catalyst for the formation of Michael adduct 8.9c 
(entry 1). As revealed in our binding studies, 8.1–La is sterically saturated and would not be 
expected to provide dual activation of the electrophile and nucleophile required for the Lewis-
acid/Brønsted-base mediated mechanism. Inorganic salts such as NaCl (entry 2) were ineffective 
in generating an active catalyst, however, use of more soluble salts provided 8.9c in moderate 
levels of enantiomeric excess (entries 3–5). Using independently prepared LaNaB, we discovered 
that rigorously anhydrous conditions resulted in only moderate ee’s, suggesting the reactions 
conducted in the original reports on the activity of LaNaB contained trace amounts of water (entry 
6). Use of varying amounts of water as an additive (entries 7, 9, 10; Figure 8.4.1, Table 8.4.2 in  
the experimental section) resulted in the identification of an optimal [La]:[H2O] ratio of 1:3. 




Table 8.2.3. Optimization of 8.1–La/MX in the asymmetric Michael addition. 
Entry La Source Na–X 
H2O 





1 8.1–La --- 0 25 14 
2 8.1–La Cl 0 25 8 
3 8.1–La I 0 25 42 
4 8.1–La BAr4
a
 0 25 33 
5 8.1–La N(SiMe3)2
 
0 25 50 
6 LaNaB --- 0 25 62 
7 8.1–La I 10 25 70 
8 8.1–La I
b 
10 25 69 
9 8.1–La I 20 25 75 
10 8.1–La I 30 25 78 
11
c
 8.1–La I 30 0 88 
12
c
 LaNaB --- 30 0 88 
a – Ar = 3,5-(CF3)2-C6H3 b– 60 mol % NaI was used instead of 30 mol % c – Malonate added 
portion wise over 20 min.  
 
were lower than the original report.
2c
 Ultimately, we found that slow addition of malonate was 
critical to obtain high levels of enantioselectivity, a key observation which was made by Shibasaki 
and coworkers for more reactive Michael partners.
31
 At 0 °C, the use of 10 mol % 8.1–La/NaI or 
LaNaB (entries 11 and 12) provided identical ee’s as observed in the original report of LaNaB. 
The generality of the 8.1–La/NaI precatalyst system was investigated by exploring the scope of 
Michael donors (Table 8.2.4). While the performance of the precatalyst system, 8.1–La/NaI, 
matched LaNaB in the Michael addition of 8.8c to 8.7a, examination of other symmetrical 
malonates (8.7a, 8.7b, 8.7d) resulted in improved levels of stereoselectivity (94–96% ee entries 
1, 4, 6) compared to literature (Table 8.2.4, values in parenthesis).
2c





Table 8.2.4. The asymmetric Michael addition of 1,3-dicarbonyls to enones with the 8.1–La/NaI 







increased selectivity is due to the high purity of LaNaB generated from the 8.1–La/NaI system 
(Figure 8.4.4b, see experimental section for more details). 
   In light of the excellent levels of activity and selectivity for 8.1-La in the optimized Michael 
addtion, we sought to improve the practicality of the system by reducing catalyst loading and 
examining the scalability of this reaction to produce 8.9a. Compound 8.9a has been used as a 
key intermediate in the enantioselective syntheses of diverse products
32









 Decreased catalyst 
loadings were possible from the 8.1-La precatalyst (entries 2 and 3), where 2.5 mol % loading 
furnished 8.9a on an 8.7 mmol scale under highly-concentrated reaction conditions
37
 with minimal 
losses in enantioselectivity (entry 3). The original levels of selectivity could be restored by a single 
recrystallization of 8.9a in 87% yield and 94% ee. While LaNaB is not as effective for this 
particular transformation as Shibasaki’s ALB catalyst, [Li(THF)3][(BINOLate)2Al],
38
 the 8.1–La/NaI 
system is an operationally simple complement, because no pyrophoric materials are necessary 
for the catalyst synthesis. 
While a number of highly enantioselective catalysts for the asymmetric Michael addition of 
malonates to cyclic enones have been identified,
30a-c, 39
 the corresponding addition of β-ketoesters 
to acyclic enones still remains challenging.
40
 Shibasaki and coworkers reported high levels of 
stereoselectivity for the addition of β-ketoesters to acyclic enones in CH2Cl2 with as little as 5 mol 
% LaNaB as a catalyst.
31
 Employing the 8.1–La/NaI precatalyst system under similar conditions, 
addition of cyclic (8.8e) and acyclic (8.8f) Michael donors to methyl vinyl ketone (8.7b) furnished 
Michael adducts 8.9e and 8.9f in 98 and 99% ee respectively (entries 7 and 8). A similar ~10% 
improvement in ee was observed from the original report,
31
 suggesting that this phenomena could 
be observed in other Lewis-acid/Brønsted-base reactions.  
A key attribute of the REMB system is the diversity observed in the catalytic reactions upon 
changing RE and M combinations. To establish that our precatalyst is amenable to different RE/M 
combinations, we investigated the Lewis-acid/ Lewis-acid mediated Aza-Michael addition of O-
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methylhydroxylamine to α,β-unsaturated ketones.
2h, 27
 Shibasaki and coworkers accessed 
optically active β-amino carbonyl compounds using low catalyst loadings of YLB (0.5 – 3.0 mol 
%). In addition, β-amino carbonyl compounds are important structural motifs in many biologically 
active compounds.
39
 They also demonstrated that their products could be further transformed to 
other useful chiral building blocks such as aziridines or β-amino alcohols with no loss in ee.
2k, 40
 
Table 8.2.5. The asymmetric aza-Michael addition of O-methylhydroxylamine to chalcone 





Application of the optimized 8.1–RE/MI precatalyst system to generate YLB from 8.1–Y/LiI 
proved general. At 3 mol % loading of 8.1–Y, comparable selectivities were obtained for various 
substitution patterns (Table 8.2.5, 7a–e) including examples of an electron-donating group 
(8.12b), electron-withdrawing group (8.12c), heterocycle (8.12d), and extended conjugation 
(8.12e). The scalability of this reaction was also maintained, where 8.12a could be obtained in 
93% yield and 93% ee on a 1 g scale (entry 2). Catalyst loading could be further reduced to 0.5 
mol % (entry 3), albeit with slightly decreased levels of enantioselectivity (88% versus 93% ee). 
Additives have played an important, and at times poorly understood, role in improving the 
performance of the REMB catalysts.
1a, 2i, 2l-n, 41
 For example, the addition of MOH and H2O to 
REMB solutions can generate highly active second generation catalysts for aldol and nitroaldol 
reactions.
1a, 2i
 To test the compatibility of additives in our precatalyst system, we chose the direct 
aldol reaction catalyzed by second generation LaLB (LaLB·KOH). Addition of 8 mol % KO
t
Bu and 
16 mol % H2O to 8.1–La/LiI (8/24 mol %) generates LaLB·KOH, and catalyzes the direct aldol 
reaction between pivaldehyde (8.13) and acetophenone (8.14) to furnish 3-hydroxy-4,4-dimethyl-
1-phenylpentan-1-one (8.15) in 74% isolated yield and 95% ee (Scheme 8.2.8). Interestingly, our 
preliminary results reveal an improvement (7% ee) in enantioselectivity using our precatalyst 
system in a second Lewis-acid/Brønsted-base catalyzed reaction, and supports that our system is 
amenable to similar additives as the REMB framework.  
While the REMB catalysts can be stored at room temperature for extended periods of time 
under a dry N2 atmosphere with no significant loss in catalytic activity, we were interested in 
performing a side-by-side comparison of the stability of 8.1–RE and REMB as solids stored on 
the bench-top. Crystals of 8.1–RE and REMB were stored in vials exposed to open air for six 
months and then employed in each of the mechanistically distinct reactions (Scheme 8.2.9). 8.1–
RE /MX precatalysts maintained excellent catalytic activity, whereas the performance of REMB 
were signficantly reduced due to the decomposition associated with prolonged exposure to 
ambient atmosphere. These experiments further support the tolerance of 8.1–RE to bench-top 





Scheme 8.2.8. Asymmetric direct Aldol reaction of acetophenone and pivaldehyde catalyzed by 
second generation LaLB, LaLB·KOH. Isolated yield after chromatographic purification. a – 
Results from ref. 2i. 
 
 
Scheme 8.2.9. Catalytic activity of 8.1–RE  and REMB systems after exposure to open-air for six 
months in the asymmetric (1) Michael addition, (2) the aza-Michael addition, and (3) the direct 
Aldol reaction. Isolated yield after chromatographic purification a – Not determined. 
 
8.3 Conclusions 
In summary, Shibasaki’s REMB catalysts are among the most enantioselective asymmetric 
catalysts across a broad range of mechanistically diverse reactions. The widespread utility of 
these catalysts, however, has been hampered by their challenging syntheses and manipulation. 
Even for those proficient in their use, this family of catalysts is not readily amenable to high 
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throughput screening, because each catalyst requires independent preparation and use due to 
the lack of suitable precatalysts. To address these challenges, we have designed a novel class of 
self-assembled H-bonded RE tris(BINOLate) complexes, which have immediate application as 
air-stable precatalysts for Shibasaki’s REMB frameworks. Incorporation of H-bonding interactions 
in the secondary coordination sphere resulted in properties and structure controlled by choice of 
starting amine base. Furthermore, improved moisture tolerance was observed compared to 
related REMB and RE-BINOLAM systems, which facilitated the development of an operationally 
simple open-air synthesis of 8.1–RE. The 8.1–RE precatalysts can be synthesized using 
conventional bench-top methods and hydrated RE starting materials to provide high yields of 
crystalline, non-hygroscopic 8.1–RE  on large scales. Use of hydrated RE sources provided a 
significant cost reduction; RE(NO3)3·xH2O are ~100 fold less expensive than commonly employed 




 Due to these properties, 8.1–
RE were identified as excellent precursors for the generation of anhydrous heterobimetallic 
complexes by acid-base or cation-exchange methods with a variety of RE/M combinations.  
Furthermore, we have demonstrated that 8.1–RE/MI could be applied as a general precatalyst 
system for Shibasaki’s REMB framework using both traditional bench-scale and HTE techniques. 
This precatalyst system showed comparable or improved performance to the reported REMB 
systems, and was amenable to different RE/M combinations, different reaction types (Lewis-
acid/Brønsted-base, Lewis-acid/Lewis-acid), and the presence of additives. We attribute the 
success of this particular system to the use of MI, which cleanly generates REMB through cation-
exchange while producing an innocent guanidinium iodide spectator-ion. We expect that this 
system will provide a convenient and complementary synthetic strategy to well-known, and as of 
yet, unidentified heterobimetallic frameworks. Furthermore, we believe that utilization of ionic H-
bond pairs to guide self-assembly processes should provide access to new and controlled 
complex structures, which could also serve as excellent starting points for generating novel 
heterobimetallic frameworks in future catalytic applications.  
8.4 Experimental Procedures 
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General Methods. For all reactions and manipulations performed under an inert atmosphere 
(N2), standard Schlenk techniques or a Vacuum Atmospheres, Inc. Nexus II drybox equipped with 
a molecular sieves 13X / Q5 Cu–0226S catalyst purifier system were used. Glassware was oven-






H}NMR spectra were obtained on a Brüker 
AM-500 or Brüker UNI-400 Fourier transform NMR spectrometer at 500 and 126 MHz or 400 and 
101 MHz, respectively. 
7
Li-NMR were recorded on a Brüker AM-500 or Brüker UNI-400 Fourier 
transform NMR spectrometer at 194 MHz and 155 MHz respectively. All spectra were measured 
at 300 K unless otherwise specified. Chemical shifts were recorded in units of parts per million 
downfield from residual proteo solvent peaks (
1






Li spectra were referenced to external solution standards of LiCl in H2O (at zero ppm). All 
coupling constants are reported in hertz. The infrared spectra were obtained from 400-4000 cm
–1
 
using a Perkin Elmer 1600 series infrared spectrometer. Elemental analyses were performed at 
the University of California, Berkeley Microanalytical Facility using a Perkin-Elmer Series II 2400 
CHNS analyzer. High-resolution mass spectra were measured using a Waters 2695 Separations 
Module (1S0RR23444). All high-throughput experiments (HTE) were set up inside a Vacuum 
Atmospheres glovebox under a nitrogen atmosphere. The experimental design was 
accomplished using Accelrys Library Studio. Liquids were dispensed using multi-channel or 













 have previously been determined. The absolute configuration of 8.9f was 
tentatively assigned on the basis of the previous results,
43
 which used the opposite enantiomer, 
(RRR)-LaNaB, from that of our studies. Absolution configurations of 8.12c–f were not previously 
assigned,
44
 but used the same enantiomer, (SSS)-YLB, as our report. The absolute configuration 
of 8.15 was not previously assigned,
2i





Materials. Tetrahydrofuran, diethyl ether, dichloromethane, hexanes, and pentane were 
purchased from Fisher Scientific. The solvents were sparged for 20 min with dry N2 and dried 
using a commercial two-column solvent purification system comprising columns packed with Q5 
reactant and neutral alumina respectively (for hexanes and pentane), or two columns of neutral 
alumina (for THF, Et2O and CH2Cl2). Solvents (CH2Cl2, CH3CN, and pentane; ACS grade, 
FisherSci) and 1,1,3,3-tetramethylguanidine (Acros) were purchased and used in General 
Procedure B without further purification. Deuterated tetrahydrofuran and chloroform were 
purchased from Cambridge Isotope Laboratories, Inc. and stored for at least 12 h over potassium 
mirror or 4 Å molecular sieves, respectively, prior to use. 1,1,3,3-Tetramethyl guanidine used in 
General Procedure A was purchased from Acros and degassed using three freeze-pump-thaw 
cycles and stored for 24 h over 4 Å molecular sieves. (S)-BINOL and RE(NO3)3·6H2O (>99.9% 
purity; RE = La, Eu, Yb, Y) were purchased from AKScientific and Strem, respectively, and used 
without additional purification. LiI, NaI, and KO
t
Bu were purchased from Acros and used without 
additional purification.  
Cyclohexenone (8.7a), methylvinylketone (8.7b), dimethylmalonate (8.8a), diethylmalonate 
(8.8b), dibenzylmalonate (8.8c), cyclohexylethyl ester (8.8e), acetophenone (8.14), and 
pivaldehyde (8.13) were purchased from commercial sources (Acros or AlfaAesar) and stored 
over 4 Å molecular sieves for 12 h prior to use.  Dibenzyl 2-methylmalonate (8.8d) and benzyl 2-
ethyl-3-oxobutanoate (8.8f) were prepared from dibenzylmalonate and benzyl 3-oxobutanoate 
from their reaction using NaH (1 equiv) and alkyl halide (methyl iodide or ethyl bromide 
respectively, 1.1 equiv) in CH3CN.
46
 Chalcone derivatives 8.10b–e were prepared according to 
literature procedures and recrystallized from EtOH.
47
 Methoxyamine hydrochloride was 
purchased from AKScientific, and was used to generate methoxyamine (8.11). Due to difficulties 
in obtaining high concentrations of neutralized methoxyamine hydrochloride using KOH and 
drierite,
44
 solutions of methoxyamine were generated from the neutralization of methoxyamine 
hydrochloride with potassium tert-butoxide in minimal THF followed by collection of the distillate 
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at 65 °C. RE[N(SiMe3)2]3,
48 
[M3(THF)n][(BINOLate)3RE] (M = Li, Na , K)
5c, 8b, 49
,  were prepared 
according to literature procedures.  
Synthetic Details and Characterization  
 
General Procedure A: Glovebox Synthesis of [TMG-H
+
]3[RE(BINOLate)3] (8.1–La·0.5 C5H12) 
Under a dry N2 atmosphere in a glovebox, a 20 mL glass vial was charged with (S)-BINOL (558.3 
mg, 1.95 mmol, 3 equiv; FW: 286.32 g·mol
-1
), THF (7 mL), and a Teflon-coated stir bar. 1,1,3,3-
Tetramethylguanidine (TMG, 245 μL, 1.95 mmol, 3 equiv; FW: 115.18 g·mol
-1
) was added to the 
clear stirring colorless solution, and an immediate color change to light yellow was observed. 
La[N(SiMe3)2]3 (403.1 mg, 0.650 mmol; FW: 620.07 g·mol
-1
) was added as a solid and stirred for 
15 min. The solvent was removed under reduced pressure to yield a crude residue, and the 
product was crystallized by layering a CH2Cl2 solution (4 mL) with pentane (12 mL). After 12–24 h 
the crystalline solid was isolated by vacuum filtration over a medium porosity frit and dried for 3 h 
under reduced pressure. Yield: 795 mg (0.578 mmol, 89%; FW: 1376.49 g·mol
-1
). Anal. Calcd for 
C77.5H84O6N9La: C, 67.63; H, 6.15; N, 9.16. Found: C, 67.59; H, 6.26; N, 8.87. 
1
H-NMR (500 MHz, 
CDCl3) δ: 8.28 (s, NH2, 6H), 7.54 (m, 18H), 6.99 (d, J = 8.5 Hz, 6H), 6.87 (t, J = 7.5 Hz, 6H), 6.80 




H}-NMR (126 MHz, CDCl3) δ: 163.3, 159.7 
(H2N=C), 135.4, 127.5, 127.0, 126.9, 126.6, 125.1, 124.0, 118.9, 118.8, 38.1 (N(CH3)2). IR (KBr, 
cm
-1
) ν: 3421 (br, N–H), 3044, 3028, 2956, 2926, 2903, 2883, 2811, 1687, 1610, 1589, 1567, 
1553, 1491, 1461, 1452, 1422, 1407, 1354, 1344, 1284, 1271, 1247, 1238, 1211, 1176, 1147, 
1138, 1122, 1068, 1058, 1033, 995, 956, 934, 855, 822, 789, 745, 738, 690, 664, 632, 591, 571, 
549, 531, 521, 496, 458. X-ray quality single crystals were obtained from layering concentrated 
solutions of 8.1–La in CH2Cl2 with pentane (1:4 v/v).  
8.1–Eu: The title compound, 8.1–Eu, was prepared by General Procedure A using Eu[N(SiMe3)2]3 
(411.5 mg, 0.650 mmol; FW: 633.13 g·mol
-1
). Yield: 810 mg (0.598 mmol, 92%; FW: 1353.47 
g·mol
-1
). Anal. Calcd for C75H78O6N9Eu: C, 66.56; H, 5.81; N, 9.31. Found: C, 66.22; H, 5.86; N, 
8.87. 
1
H-NMR (500 MHz, CDCl3) δ: 18.57 (br s, 6H), 8.07 (d, J = 8.5 Hz, 6H), 7.59 (d, J = 7.9 Hz, 






H}-NMR (126 MHz, CDCl3) δ: 204.0 (H2N=C), 161.7, 142.5, 128.9, 126.7, 125.6, 125.2, 
124.7, 118.5, 118.1, 114.1, 38.9 (N(CH3)2). IR (KBr, cm
-1
) ν: 3421 (br, N–H), 3044, 3028, 2956, 
2926, 2903, 2883, 2811, 1694, 1610, 1589, 1567, 1552, 1491, 1461, 1452, 1422, 1407, 1354, 
1344, 1284, 1271, 1247, 1238, 1211, 1176, 1147, 1138, 1122, 1068, 1052, 1033, 995, 956, 934, 
855, 822, 789, 745, 738, 690, 664, 632, 591, 571, 549, 531, 521, 496, 459. X-ray quality single 
crystals were obtained from layering concentrated solutions of 8.1–Eu in THF with pentane (1:4 
v/v). 
8.1–Yb·0.5 C5H12: The title compound, 8.1–Yb, was prepared by General Procedure A using 
Yb[N(SiMe3)2]3 (425.2 mg, 0.650 mmol; FW: 654.22 g·mol
-1
). Yield: 828 mg (0.587 mmol, 90%; 
FW: 1410.64 g·mol
-1
). Anal. Calcd for C77.5H84O6N9Yb: C, 65.99; H, 6.00; N, 8.94. Found: C, 
65.96; H, 5.75; N, 8.73. 
1
H-NMR (500 MHz, CDCl3) δ: 11.07 (d, J = 8.5 Hz, 6H), 9.00 (t, J = 8.0 
Hz, 6H), 8.54 (d, J = 6.5 Hz, 6H), 8.03 (t, J = 8.0 Hz, 6H), 5.47 (s, 6H), 4.82 (s, N(CH3)2,  36H), –
15.69 (s, 6H). The 
1
H-NMR resonance corresponding to the NH2 group was not observed, and is 




H}-NMR (126 MHz, CDCl3) δ: 
171.1, 169.1 (H2N=C), 147.0, 144.3, 130.6, 129.3, 129.1, 128.6, 125.7, 124.9, 121.3, 41.8 
(N(CH3)2). IR (KBr, cm
-1
) ν: 3421 (br, N–H), 3044, 3028, 2956, 2926, 2903, 2883, 2811, 1699, 
1610, 1589, 1567, 1552, 1491, 1461, 1452, 1422, 1407, 1354, 1344, 1284, 1271, 1247, 1238, 
1211, 1176, 1147, 1138, 1122, 1068, 1052, 1035, 995, 956, 935, 855, 822, 789, 745, 738, 690, 
664, 632, 591, 571, 549, 531, 521, 496, 460. X-ray quality single crystals were obtained from 
layering concentrated solutions of 8.1–Yb in CH2Cl2 with pentane (1:4 v/v). 
8.1–Y·0.5 C5H12: The title compound, 8.1–Y, was prepared by General Procedure A using 
Y[N(SiMe3)2]3 (370.5 mg, 0.650 mmol; FW: 570.07 g·mol
-1
). Yield: 760 mg (0.573 mmol, 88%; 
FW: 1326.49 g·mol
-1
). Anal. Calcd for C77.5H84O6N9Y: C, 70.17; H, 6.38; N, 9.50. Found: C, 70.27; 
H, 6.36; N, 9.16. 
1
H-NMR (500 MHz, CDCl3) δ: 8.14 (br s, NH2, 6H), 7.57 (d, J = 8.7 Hz, 6H), 7.52 
(d, J = 8.9 Hz, 6H), 7.47 (d, J = 7.9 Hz, 6H), 6.98 (d, J = 8.4 Hz, 6H), 6.83 (t, J = 7.5 Hz, 6H), 6.76 




H}-NMR (126 MHz, CDCl3) δ: 164.0, 159.4 





) ν: 3421 (br, N–H), 3044, 3028, 2956, 2926, 2903, 2883, 2811, 1692, 1610, 1589, 1567, 
1552, 1491, 1461, 1452, 1422, 1407, 1354, 1344, 1284, 1271, 1247, 1238, 1211, 1176, 1147, 
1138, 1122, 1068, 1050, 1035, 995, 956, 935, 855, 822, 789, 745, 738, 690, 664, 632, 591, 571, 
549, 531, 521, 496, 463. X-ray quality single crystals were obtained from layering concentrated 
solutions of 8.1–Y in CH2Cl2 with pentane (1:4 v/v). 
8.1ʹ–La·0.5 C5H12  The title compound, [TMG-H+]3[(6,6ʹ-Br2-BINOLate)3RE] (8.1ʹ–La), was 
prepared by General Procedure A using La[N(SiMe3)2]3 (372 mg, 0.600 mmol; FW: 620.07 g·mol
-
1
), (S)-6,6ʹ-Br2-BINOL (193.5 mg, 1.80 mmol, 3 equiv; FW: 444.11 g·mol
-1
), and TMG (207.5 mg, 
1.80 mmol, 3 equiv; 115.18 g·mol
-1
). Yield: 782.5 mg (0.420 mmol, 70%; 1862.92 g·mol
-1
). Anal. 
Calcd for LaC77.5H78Br6O6N9: C, 49.97; H, 4.22; N, 6.77. Found: C, 50.17; H, 3.98; N, 6.72. 
1
H-
NMR (500 MHz, CDCl3) δ 7.86 (s, NH2, 6H), 7.65 (d, J = 2.3 Hz, 6H), 7.47 (s, 12H), 6.96 (dd, J = 




H}-NMR (126 MHz, CDCl3) 
δ 163.4, 159.4 (H2N=C), 133.7, 129.3, 127.9, 127.4, 126.6, 126.5, 118.6, 112.5, 38.3 (N(CH3)2). 
Note: Due to accidental equivalence, only nine of the expected ten BINOLate 
13
C resonances 
were observed. IR (KBr, cm
-1
) ν: 3420 (sh, N–H), 3037, 3004,, 2954, 2929, 2813, 1698, 1598, 
1581, 1543, 1478, 1459, 1457, 1421, 1388, 1366, 1345, 1283, 1271, 1242, 1233, 1192, 1170, 
1144, 1127, 1064, 1034, 1002, 955, 930, 875, 824, 766, 718, 684, 676, 651, 601, 574, 560, 532, 
509, 497. 
General Procedure B: Glovebox Synthesis of [DBU-H
+
]3[RE(BINOLate)3] (8.2–La). Under a 
dry N2 atmosphere, a 20 mL vial was charged (S)-BINOL (692.6 mg, 2.42 mmol, 3 equiv; FW: 
286.32 g·mol
-1
), and THF (15 mL), and a Teflon-coated stir bar. DBU (368 mg, 2.42 mmol, 3 
equiv; 152.24 g·mol
-1
) was added to the stirring colorless solution, producing a pale light-yellow 
solution. La[N(SiMe3)2]3  (500.0 mg, 0.806 mmol; FW: 620.07 g·mol
-1
) was added as a solution in 
THF (3 mL) and the reaction was stirred for 20 min. After removal of the stir bar, the reaction 
mixture was layered with hexanes (1:2 v/v). The colorless crystals were isolated by vacuum 
filtration over a medium porosity frit and dried for 3 h under reduced pressure. Yield: 1.10 g 
(0.758 mmol, 94%; FW: 1451.59 g·mol
-1
) Anal. Calcd for LaC87H87N6O6: C, 71.99; H, 6.04; N, 
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5.79. Found: C, 71.80; H, 6.33; N, 5.91. 
1
H NMR (500 MHz, THF) δ 11.10 (s, br, NH, 3H), 7.53 
(m, 12H), 7.44 (d, J = 8.7 Hz, 6H), 6.89 (d, J = 8.5 Hz, 6H), 6.86 (t, J = 7.3 Hz, 6H), 6.83 – 6.78 
(m, 6H), 2.98 (dd, J = 14.9, 9.4 Hz, 3H), 2.71 (dd, J = 14.8, 6.9 Hz, 3H), 2.29 (s, 3H), 2.20 (s, 3H), 
2.13 (s, 3H), 1.93 (s, 3H), 1.84 (s, 3H), 1.34 (m, 3H), 1.18 (m, 3H), 1.08 (s, 3H), 0.90 (s, 3H), 0.54 




H}-NMR (126 MHz, THF) δ 163.5, 162.0 (N=C), 135.7, 127.3, 127.2, 
126.8, 126.5, 125.8, 123.7, 118.9, 118.8, 53.4, 47.9, 37.6, 32.1, 29.2, 27.1, 23.9, 18.5. IR (KBr, 
cm
-1
) ν: 3216 (sh, N–H), 3039, 2929, 2856, 1647, 1610, 1587, 1548, 1498, 1461, 1420, 1359, 
1342, 1323, 1336, 1283, 268, 1246, 1236, 1204, 1154, 1122, 1108, 1092, 1067, 1026, 993, 955, 
934, 856, 820, 788, 773, 739, 690, 663, 632, 590, 570, 545, 529, 495, 456. Colorless X-ray 
quality crystals were obtained by layering concentrated solutions of 8.2–La with hexanes (1:2 
v/v). 
8.2–La can also be synthesized from hydrated starting materials following general procedure C. 
La(NO3)3·6 H2O (500 mg, 1.15 mmol; FW: 433.01 g·mol
-1
), (S)-BINOL (991.8 mg, 3.46 mmol, 3 
equiv; FW: 286.32 g·mol
-1
), and DBU (1.055 g, 6.92 mmol, 6 equiv; 152.24 g·mol
-1
). Yield: 1.58 g 
(1.09 mmol, 95 %; 1451.59 g·mol
-1
). Layering concentrated solutions of THF with hexanes (1:3 
v/v) on the bench top led to the isolation of powders rather than crystalline material of 8.2–La.  
However, NMR and FT-IR spectra of the isolated product after mild drying procedures (50 °C, 
200 mTorr, 2 h) matched those obtained from the anhydrous procedure (see above). 
8.2–Eu The title compound, 8.2–Eu, was prepared by General Procedure B using Eu[N(SiMe3)2]3 
(500 mg, 0.790 mmol; FW: 633.13 g·mol
-1
). Yield: 1.100 g (0.751 mmol, 95%;1464.65 g·mol
-1
). 
Anal. Calcd for EuC87H87N6O6: C, 71.35; H, 5.99; N, 5.74. Found: C, 71.13; H, 5.73; N, 5.58. 
1
H 
NMR (500 MHz, CDCl3) δ 22.46 (s, br, NH, 3H), 7.49 (d, J = 8.5 Hz, BINOLate 6H), 7.09 (d, J = 
7.5 Hz, BINOLate, 6H), 7.00 (s, BINOLate, 6H), 6.86 (s, BINOLate, 6H), 6.74 (s, DBU, 3H), 6.68 
(s, BINOLate 6H), 6.27 (s, DBU, 3H), 3.82 (s, DBU, 3H), 3.50 (s, DBU, 3H), 2.93 (s, DBU, 3H), 
2.80 (s, DBU, 3H), 2.43 (s, BINOLate, 6H), 2.13 (s, DBU, 3H), 1.94 (s, DBU, 3H), 1.54 (s, DBU, 





H}-NMR (126 MHz, CDCl3) δ 165.7, 141.0, 128.0, 126.5, 125.4, 124.6, 124.0, 118.2, 
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116.6, 114.9, 77.4 (N=C), 53.9, 47.9, 37.3, 34.9, 34.7, 30.0, 27.7, 18.4. IR (KBr, cm
-1
) ν: 3219 (sh, 
N–H), 3042, 2930, 2857, 1650, 1610, 1587, 1551, 1498, 1462, 1421, 1359, 1345, 1322, 1284, 
1269, 1247, 1238, 1205, 994, 956, 856, 821, 745, 691, 663, 591, 570, 548, 529, 496, 474, 459. 
Light-yellow X-ray quality crystals were obtained by layering concentrated solutions of 8.2–Eu 
with hexanes (1:2 v/v). 
8.2–Yb The title compound, 8.2–Yb, was prepared by General Procedure B using Yb[N(SiMe3)2]3 
(250 mg, 0.382 mmol; FW: 654.22 g·mol
-1
). Yield: 484 mg (0.326 mmol, 85%; 1485.74 g·mol
-1
). 
Anal. Calcd for YbC87H87N6O6: C, 70.33; H, 5.90; N, 5.66. Found: C, 70.33; H, 5.54; N, 5.57. 
1
H 
NMR (500 MHz, CDCl3) δ 50.39 (s, br, NH, 3H), 15.72 (s, br, DBU, 3H), 8.16 (s, DBU, 3H), 7.88 
(s, BINOLate, 6H), 7.88 (s, BINOLate, 6H), 7.40 (s, BINOLate, 6H), 7.08 (s, DBU, 3H), 6.98 (s, 
BINOLate 6H), 6.85 (s, BINOLate, 6H), 6.10 (s, DBU, 3H), 3.87 (s, DBU, 3H), 3.70 (s, DBU, 3H), 
3.33 (s, BINOLate, 6H), 3.11 (s, DBU, 3H), 2.87 (s, DBU, 3H), 2.01 (s, DBU, 3H), 1.21 (s, DBU, 
3H), 0.45 (s, DBU, 3 H), –0.65 (s, DBU, 3H), –1.90 (s, DBU, 3H). 
13
C NMR (126 MHz, CDCl3) δ 
171.7, 163.6 (N=C), 139.5, 136.5, 134.7, 128.6, 127.0, 126.4, 125.7, 123.3, 119.7, 55.4, 49.1, 
40.6, 39.3, 32.2, 29.7, 29.4, 19.0. IR (KBr, cm
-1
) ν: 3220 (sh, N–H), 3034, 2931, 2858, 1648, 
1610, 1588, 1549, 1498, 1461, 1420, 1358, 1346, 1320, 1283, 1269, 1248, 1204, 1173, 1155, 
1137, 1109, 1067, 1027, 995, 982, 956, 935, 855, 821, 788, 774, 744, 691, 663, 634, 591, 570, 
548, 529, 520, 496, 460. Off-white X-ray quality crystals were obtained by layering concentrated 
solutions of 8.2–Yb with hexanes (1:2 v/v). 
8.2–Y The title compound, 8.2–Y, was prepared by General Procedure B using Y[N(SiMe3)2]3 
(250 mg, 0.438 mmol; FW: 570.07 g·mol
-1
). Yield: 565 mg (0.403 mmol, 92%; 1401.59 g·mol
-1
). 
Anal. Calcd for YC87H87N6O6: C, 74.55; H, 6.26; N, 6.00. Found: C, 74.54; H, 6.38; N, 5.88. 
1
H 
NMR (500 MHz, CDCl3) δ 10.97 (s, NH, 6H) 7.54 (m, 18H), 6.90 (d, J = 8.4 Hz, 6H), 6.83 (s, 6H), 
6.80 (d, J = 10.1 Hz, 6H), 2.97 (dd, J = 14.8, 9.8 Hz, 3H), 2.53 (dd, J = 14.9, 6.8 Hz, 3H), 2.29 
(dd, J = 14.2, 7.8 Hz, 3H), 2.21 – 2.10 (m, 3H), 1.95 (s, 3H), 1.84 (m, 6H), 1.43 (s, 3H), 1.36 (s, 
3H), 1.25 (s, 9H), 0.92 (dd, J = 11.5, 10.8 Hz, 3H), 0.72 (dd, J = 12.0, 11.5 Hz, 3H), 0.52 – 0.37 




H}-NMR (126 MHz, CDCl3) δ 163.3, 135.6, 127.4, 127.2, 126.8, 126.6, 
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125.6, 123.4, 118.9, 118.4, 53.2, 47.7, 37.7, 31.7, 29.2, 27.0, 24.0, 18.3. Note: The N=C 
resonance was not observed, presumably due to accidental equivalence with the O–C resonance 
(163.3). IR (KBr, cm
-1
) ν: 3220 (sh, N–H), 3034, 2965, 2933, 2858, 1649, 1610, 1588, 1548, 
1498, 1461, 1420, 1360, 1342, 1321, 1283, 1269, 1238, 1204, 1174, 1156, 1121, 1067, 1027, 
995, 956, 935, 855, 820, 788, 774, 741, 696, 668, 633, 591, 570, 548, 530, 521, 496, 461. 
Colorless X-ray quality crystals were obtained by layering concentrated solutions of 8.2–Y with 
hexanes (1:2 v/v). 
8.2–Y can also be synthesized from hydrated starting materials following General Procedure D 
substituting DBU for TMG. Y(NO3)3·6 H2O (500 mg, 1.305 mmol; FW: 383.01 g·mol
-1
), AcOH (235 
mg, 3.916 mmol, 3 equiv; FW: 60.06 g·mol
-1
), (S)-BINOL (1.121 g, 3.916 mmol, 3 equiv; FW: 
286.32 g·mol
-1
), and DBU (1.788 g, 11.75 mmol, 9 equiv total; 6 equiv followed by 3 equiv; 
152.24 g·mol
-1
). Yield: 1.690 g (1.206 mmol, 92 %; 1401.59 g·mol
-1
). Layering concentrated 
solutions of THF with hexanes (1:3 v/v) on the bench top led to the isolation of powders rather 
than crystalline material of 8.2–Y.  However, NMR and FT-IR spectra of the isolated product after 
mild drying procedures (50 °C, 200 mTorr, 2 h) matched those obtained from the anhydrous 
procedure (see above). 
8.3–La The title compound, [TBD-H
+
]3[La(BINOLate)3] (8.3–La), was prepared following General 
Procedure B substituting TBD for DBU. La[N(SiMe3)2]3 (139.5 mg, 0.225 mmol; FW: 620.07 
g·mol
-1
), (S)-BINOL (193.5 mg, 0.675 mmol, 3 equiv; FW: 286.32 g·mol
-1
), and 
triazabicyclodecene (TBD, 94.2 mg, 0.675 mmol, 3 equiv; 139.20 g·mol
-1
). Yield: 262.4 mg (0.186 
mmol, 83% yield; 1412.48 g·mol
-1
). Anal. Calcd for LaC81H70N9O6: C, 68.88; H, 5.57; N, 8.92. 
Found: C, 69.16; H, 5.16; N, 8.78. 
1
H NMR (500 MHz, CDCl3) δ 7.54 (d, J = 8.8 Hz, 6H), 7.49 (d, 
J = 7.9 Hz, 6H), 7.32 (d, J = 8.9 Hz, 6H), 7.17 (s, NH, 6H), 6.79 (m, 12H), 6.73 (d, J = 8.3 Hz, 





(126 MHz, CDCl3) δ 161.9, 148.5, 135.9, 127.4, 127.0, 126.4, 125.8, 123.8, 118.9, 118.8, 77.4 
(N=C), 46.1, 37.4, 20.1. IR (KBr, cm
-1
) ν: 3202 (sh, N–H), 3044, 3027, 2962, 2942, 2867, 1646, 
1611, 1587, 1550, 1498, 1460, 1421, 1363, 1341, 1281, 1267, 1245, 1237, 1218, 1195, 1138, 
606 
 
1123, 1069, 1025, 992, 956, 935, 856, 821, 746, 664, 591, 571, 521, 495, 456. Colorless X-ray 
quality crystals were obtained by layering solutions of 8.3–La with hexanes (1:2 v/v). 
8.4–La The title compound, [DPG-H
+
]3[La(BINOLate)3] (8.4–La), was prepared by General 
Procedure B substituting DPG for DBU. using La[N(SiMe3)2]3 (62.0 mg, 0.100 mmol; FW: 620.07 
g·mol
-1
), (S)-BINOL (85.9 mg, 0.300 mmol, 3 equiv; FW: 286.32 g·mol
-1
), and diphenylguanidine 
(DPG, 63.4 mg, 0.300 mmol, 3 equiv; 211.26 g·mol
-1
).  Colorless X-ray quality crystals could be 
grown from dichloromethane solutions layered with pentane (1:2 v/v).  
[Pyr-H
+
]4[La2(H2O)(BINOLate)5]·THF (8.5–La·THF) A 20 mL vial was charged with (S)-BINOL 
(210.1 mg, 0.734 mmol, 2.5 equiv; FW: 286.32 g·mol
-1
), THF (5 mL) and a Teflon-coated stir bar. 
Pyrrolidine (Pyr, 62.6 mg, 0.879 mmol, 2 equiv; FW: 71.12 gmol
-1
) was added to the colorless 
stirring solution, producing a pale light yellow solution. La[N(SiMe3)2]3 (181.7 mg, 0.293 mmol; 
FW: 620.07 g·mol
-1
) was added and stirred for 5 min. After removal of the stir bar, the reaction 
mixture was layered with hexanes (1:2 v/v). The white crystals were isolated by vacuum filtration 
over a medium porosity frit and dried for 3 h under reduced pressure. Yield: 360 mg (0.175 mmol, 
60 %; 2060.01 g·mol
-1
). Note: Although the solid state structure determined by X-ray diffraction 
showed one molecule of water bound to one La cation of 8.5–La·THF and several interstitial THF 
molecules, after 3 h of drying under reduced pressure we propose desolvation occurs to the 
following formula, [Pyr-H
+
]4[La2(BINOLate)5]·THF (La2C120H108N4O11), consistent with 
1
H-NMR 
integration and CHN analysis. However, an alternative formulation with one molecule of H2O and 
THF cannot be ruled out. (Anal. Calcd: C, 69.36 H, 5.34 N, 2.70 ).
 
 Anal. Calcd for 
La2C120H108N4O11: C, 69.97; H, 5.28; N, 2.72. Found: C, 69.49; H, 5.68; N, 3.01. 
1
H NMR (500 
MHz, CDCl3) δ 7.88 (d, J = 8.1 Hz, 5H), 7.69 (s, 2 H), 7.57 (m, 9 H) 7.37 (d, J = 8.8 Hz, 5H), 7.18 
(t, J = 6.5 Hz, 6H), 7.07 (s, 11H), 6.95 (t,  J = 6.8 Hz, 5 H), 6.87 (t, J = 7.3 Hz, 5H), 6.82 (s, 6 H), 
6.54 (s, 6 H), 1.97 (s, 8H), 1.29 (s, 8H), 0.86 (s, 8H), 0.68 (s, 8H). Note: Resonances belonging 
to the NH2
+
 of Pyr-H+ were not observed, presumably due to line broadening and/or peak overlap 




H}-NMR (126 MHz, CDCl3) δ 160.5, 160.0, 135.1, 128.5, 
128.4, 128.1, 127.8, 127.4, 126.0, 125.6, 125.3, 125.1, 125.0, 120.6, 120.4, 119.3, 118.6, 44.1, 
607 
 
23.7. Note: Due to accidental equivalence, only 17 of the expected 20 BINOLate 
13
C resonances 
were observed. IR (KBr, cm
-1
) ν: 3588 (sh, N–H), 3527 (sh, N–H), 3220 (sh, N–H), 3044, 2972, 
2875, 1613, 1588, 1553, 1499, 1461, 1422, 1360, 1338, 1275, 1265, 1244, 1235, 1210, 1179, 
1140, 1124, 1068, 1031, 992, 956, 934, 858, 819, 789, 775, 736, 691, 663, 632, 590, 572, 533, 
544, 521, 496, 467. White X-ray quality crystals could be grown from contrated THF solutions 
layered with pentane (1:2 v/v).  
[Pip-H
+
]4[La2(H2O)(BINOLate)5]·THF (8.6–La·THF) A 20 mL vial was charged with (S)-BINOL 
(210.1 mg, 0.734 mmol, 2.5 equiv; FW: 286.32 g·mol
-1
), THF (5 mL) and a Teflon-coated stir bar. 
Piperidine (Pip, 74.8 mg, 0.879 mmol, 2 equiv; FW: 85.15 gmol
-1
) was added to the colorless 
stirring solution, producing a pale light yellow solution. La[N(SiMe3)2]3 (181.7 mg, 0.293 mmol; 
FW: 620.07 g·mol
-1
) was added and stirred for 5 min. After removal of the stir bar, the reaction 
mixture was layered with hexanes (1:2 v/v). The white crystals were isolated by vacuum filtration 
over a medium porosity frit and dried for 3 h under reduced pressure. Yield: 295 mg (0.139 mmol, 
48 %; 2116.12 g·mol
-1
). Note: Although the solid state structure determined by X-ray diffraction 
showed one molecule of water bound to one La cation of 8.6–La·THF and several interstitial THF 
molecules, after 3 h of drying under reduced pressure we propose desolvation occurs to the 
following formula, [Pip-H
+
]4[La2(BINOLate)5]·THF (La2C124H116N4O11), consistent with 
1
H-NMR 
integration and CHN analysis. The theoretical %CHN for an alternative formulation with one 
molecule of H2O and THF is also provided, but shows poor agreement with experimental data 
(Anal. Calcd: C, 69.79 H, 5.57 N, 2.63).
 
 Anal. Calcd for La2C124H116N4O11: C, 70.38; H, 5.53; N, 
2.65. Found: C, 70.26; H, 5.67; N, 2.66.  
1
H NMR (500 MHz, THF) δ 7.91 (d, J = 8.1 Hz, 6H), 7.78 
(s, 4H), 7.71 (s, 2H), 7.61 (d, J = 8.8 Hz, 8H), 7.44 (s, 1H), 7.35 (d, J = 8.8 Hz, 3H), 7.21 (t, J = 
7.3 Hz, 5 H), 7.18-7.10 (m, 9H), 6.97 (s, 6H), 6.91 (m, 9H), 6.62 (d, J = 9.2 Hz, 5H), 1.68 (s, 8H), 
1.06  (s, 8H), 0.72 (s, 8H), 0.56 (s, 8H), 0.38 (s, 8H). Note: Resonances belonging to the NH2
+
 of 
Pip-H+ were not observed, presumably due to line broadening and/or peak overlap due to 




H}-NMR (126 MHz, THF) δ 160.5, 159.6, 135.2, 128.7, 128.4, 
128.2, 128.0, 128.0, 127.5, 126.1, 125.9, 125.4, 125.2, 125.1, 124.9, 120.7, 120.5, 119.7, 119.2, 
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43.0, 22.9, 22.1. Note: Due to accidental equivalence, only 19 of the expected 20 BINOLate 
13
C 
resonances were observed. IR (KBr, cm
-1
) ν: 3582 (sh, N–H), 3518 (sh, N–H), 3209 (sh, N–H), 
3045, 2942, 2860, 1613, 1588, 1553, 1500, 1462, 1422, 1360, 1338, 1276, 1264, 1245, 1235, 
1212, 1164, 1141, 1125, 1069, 1029, 992, 955, 935, 916, 859, 822, 789, 775, 738, 692, 677, 664, 
633, 590, 572, 545, 533, 521, 497, 467. White X-ray quality crystals could be grown from 
contrated THF solutions layered with pentane (1:2 v/v). 
General Procedure C: Open-air Synthesis of [TMG-H
+
]3[RE(BINOLate)3] (8.1–RE; RE = La, 
Eu). (8.1–La·0.5 C5H12): Under ambient atmosphere, a 20 mL glass vial was charged 
La(NO3)3·6H2O (500 mg, 1.15 mmol, 1 equiv; FW: 433.01 g·mol
-1
), CH3CN (10 mL), and a Teflon-
coated stir bar. The solution was stirred and (S)-BINOL (990 mg, 3.46 mmol, 3 equiv; FW: 286.32 
g·mol
-1
) was added as a solid. The solution was stirred for ~5 minutes until all La(NO3)3·6H2O 
was dissolved. TMG (0.877 mL, 6.93 mmol, 6 equiv; FW: 115.18 g·mol
-1
) was added via syringe 
to the clear colorless solution, and immediately formed an off-white precipitate. After ~1 min of 
additional stirring, the vial was sealed and centrifuged at 4,000 RPM for 5 min. The supernatant 
was decanted and the precipitate was dried under reduced pressure on a rotary evaporator. The 
product was crystallized by layering a concentrated solution of CH2Cl2 (4 mL) with pentane (16 
mL; 1:4 v/v). After 12–24 h the crystalline solid was isolated by vacuum filtration over a coarse 
porosity frit and dried for 3 h under reduced pressure (50 °C / 200 mTorr). Yield: 1.325 g (0.963 




H-NMR (500 MHz, CDCl3) δ: 7.87 (br s, NH2, 6H), 7.56 (m, 





H}-NMR (126 MHz, CDCl3) δ: 162.8, 159.9 (H2N=C), 135.3, 127.5, 127.1, 
126.7, 126.6, 125.1, 124.1, 119.0, 118.7, 38.2 (N(CH3)2). 
1
H-NMR (500 MHz, THF–d8) δ7.48 (t, J 
= 9.0 Hz, 6H), 7.45 (d, J = 8.0 Hz, 6H), 7.41 (d, J = 9.0 Hz, 6H), 6.92 (d, J = 8.4 Hz, 6H), 6.81 (t, J 




H}-NMR (500 MHz, THF–




Alternative Procedure (25 mmol scale):  A 500 mL Erlenmeyer flask was charged with 
La(NO3)3·6H2O (10.83 g, 25.00 mmol, 1 equiv; FW: 433.01 g·mol
-1
), (S)-BINOL (21.50 g, 75.00 
mmol, 3 equiv; FW: 286.32 g·mol
-1
), CH3CN (75 mL), and a Teflon-coated stir bar. The solution 
was stirred for ~15 minutes until all La(NO3)3·6H2O was dissolved. TMG (18.82 mL, 150.0 mmol, 
6 equiv; FW: 115.18 g·mol
-1
) was added via syringe over 5 min to the clear colorless solution, and 
immediately formed an off-white precipitate. After 10 min of additional stirring, the precipitate was 
isolated by vacuum filtration over a coarse porosity frit. After additional drying under reduced 
pressure on a rotary evaporator, the product was crystallized from a concentrated solution of 8.1–
La in CH2Cl2 (~125 mL) followed by layering with pentane (500 mL; 1:4 v/v). After 12–24 h, the 
crystalline product was isolated by vacuum filtration over a coarse porosity frit and dried for 3 h 




8.1–Eu: The title compound, 8.1–Eu, was prepared by General Procedure C using 
Eu(NO3)3·6H2O (500 mg, 1.12 mmol, 1 equiv; FW: 446.07 g·mol
-1
). Yield: 1.220 g (0.901 mmol, 




H-NMR (500 MHz, CDCl3) δ: 14.03 (br s, NH2, 6H), 7.87 (s, 6H), 
7.54 (s, 6H), 7.34 (s, 6H), 7.11 (s, 6H), 6.57 (s, 6H), 3.23 (s, 6H), 2.57 (s, N(CH3)2, 36H).
 1
H-NMR 
(500 MHz, THF–d8) δ: 18.00 (br s, NH2, 6H), 7.95 (d, J = 8.2 Hz, 6H), 7.46 (d, J = 8.3 Hz, 6H), 
7.30 (t, J = 7.5 Hz, 6H), 7.07 (t, J = 7.7 Hz, 6H), 6.39 (d, J = 6.6 Hz, 6H), 2.64 (d, J = 6.0 Hz, 6H), 
2.51 (s, N(CH3)2, 36H). 
8.1ʹ–La·0.5C5H12: The title compound, 8.1ʹ–La·0.5C5H12, was prepared by General Procedure C 
using La(NO3)3·6 H2O (167.0 mg, 0.385 mmol; FW: 433.01 g·mol
-1
), (S)-6,6ʹ-Br2-BINOL (513.0 
mg, 1.15 mmol, 3 equiv; FW: 444.11 g·mol
-1
), and TMG (266.5 mg, 2.314 mmol, 6 equiv; 115.18 
g·mol
-1
). Yield: 360 mg (0.193 mmol, 50 %; 1862.92 g·mol
-1
). Spectra matched those obtained 
from the anhydrous procedure (see above). 
General Procedure D: Benchtop Synthesis of [TMG-H
+
]3[RE(BINOLate)3] (8.1–RE; RE = Y, 
Yb). 8.1–Yb·0.5 C5H12: Under ambient atmosphere, a 20 mL glass vial was charged 
Yb(NO3)3·6H2O (500 mg, 1.07 mmol, 1 equiv; FW: 467.15 g·mol
-1
), CH3CN (4 mL), glacial acetic 
610 
 
acid (185 μL, 3.21 mmol, 3 equiv; FW: 60.05 g·mol
-1
), and a Teflon-coated stir bar. The solution 
was stirred for 5 min and a solution of (S)-BINOL (919.4 mg, 3.21 mmol, 3 equiv; FW: 286.32 
g·mol
-1
) and TMG (0.805 mL, 6.42 mmol, 6 equiv; FW: 115.18 g·mol
-1
) in CH3CN (3 mL) was 
added dropwise over 2 min. Upon completion of the addition a small amount of precipitate had 
formed, and TMG (0.405 mL, 3.21 mmol, 3 equiv; FW: 115.18 g·mol
-1
) was added dropwise, and 
immediately formed an off-white precipitate. After ~1 min of additional stirring, the vial was sealed 
and centrifuged at 4,000 RPM for 5 min. The supernatant was decanted and the precipitate was 
dried under reduced pressure on a rotary evaporator. The product was crystallized by layering a 
concentrated solution of CH2Cl2 (6 mL) with pentane (24 mL; 1:4 v/v). After 12-24 h the crystalline 
solid was isolated by vacuum filtration over a coarse porosity frit and dried for 3 h under reduced 





(500 MHz, CDCl3) δ: 10.60 (s, 6H), 8.73 (s, 6H), 7.84 (s, 6H), 5.60 (s, 6H), 3.68 (s, N(CH3)2, 
36H), –13.87 (s, 6H). The 
1
H-NMR resonance corresponding to the TMG-H
+
 NH2 group was not 
observed, and is attributed to line broadening from the paramagnetic Yb center. 
6.5 mmol scale; 8.1–Y·0.5 C5H12:  A 125 mL Erlenmeyer flask was charged with Y(NO3)3·6H2O 
(2.500 g, 6.53 mmol, 1 equiv; FW: 383.01 g·mol
-1
), CH3CN (20 mL), glacial acetic acid (1.12 mL, 
19.58 mmol, 3 equiv; FW: 60.05 g·mol
-1
), and a Teflon-coated stir bar. The clear colorless 
solution was stirred for 5 min and a solution of (S)-BINOL (4.510 g, 19.6 mmol, 3 equiv; FW: 
286.32 g·mol
-1
) and TMG (4.91 mL, 39.2 mmol, 6 equiv; FW: 115.18 g·mol
-1
) in CH3CN (10 mL) 
was added dropwise over 20 min. Upon completion of the addition a small amount of precipitate 
had formed. Additional TMG (2.46 mL, 19.6 mmol, 3 equiv; FW: 115.18 g·mol
-1
) was added 
dropwise, and immediately formed an off-white precipitate. The precipitate was isolated by 
vacuum filtration over a coarse porosity frit. After additional drying under reduced pressure on a 
rotary evaporator, the product was crystallized from a concentrated solution of 8.1–Y in CH2Cl2 
(~25 mL) followed by layering with pentane (100 mL; 1:4 v/v). After 12–24 h, the crystalline 
product was isolated by vacuum filtration over a coarse porosity frit and dried for 3 h under 







NMR (500 MHz, CDCl3) δ: 8.11 (br s, NH2, 6H), 7.61 (d, J = 9.2 Hz, 6H), 7.53 61 (d, J = 9.2 Hz, 
6H), 7.51 61 (d, J = 9.2 Hz, 6H), 6.90 (d, J = 9.2 Hz, 3H), 6.83 (d, J = 9.2 Hz, 3H), 6.81 (d, J = 9.2 




H}-NMR (126 MHz, CDCl3) δ: 163.9, 159.5 (H2N=C), 135.2, 
127.5, 127.4, 126.7, 126.6, 125.1, 123.8, 119.1, 118.7, 38.1 (N(CH3)2). 
NMR-scale generation of LaLB from 8.1–La and LiI. An NMR tube was charged with 8.1–
La·0.5 C5H12 (15.0 mg, 0.0109 mmol, 1 equiv; FW: 1376.49 g·mol
-1
) and THF–d8 (0.50 mL). LiI 
(4.4 mg, 0.0329 mmol, 3.0 equiv; FW: 133.85 g·mol
-1
) was added to the clear colorless solution, 





a color change to pale light yellow. 
1
H-NMR(400 MHz, THF–d8) δ: 7.61 (m, 12H), 7.06 (d, J = 8.4 
Hz, 6H), 6.89 (t, J = 6.0 Hz, 6H), 6.80 (m, 12 H). 
7
Li-NMR(155 Hz, THF–d8) δ: –2.0 . 
1
H-NMR 
spectra was consistent with the previously reported data.
4a, 5c, 50
 
NMR-scale generation of LaNaB from 8.1–La and NaI. An NMR tube was charged with 1–
La·0.5 C5H12 (15.0 mg, 0.0109 mmol, 1 equiv; FW: 1376.49 g·mol
-1
) and THF–d8 (0.50 mL). NaI 
(4.9 mg, 0.0329 mmol, 3.0 equiv; FW: 133.85 g·mol
-1
) was added to the clear colorless solution, 





a color change to pale light yellow. 
1
H-NMR (400 MHz, THF–d8) δ: 7.55 (d, J = 9.2 Hz, 6H), 7.49 
(t, J = 6.6 Hz, 6H), 7.37 (d, J = 8.8 Hz, 6H), 6.84 (m, 6H), 6.79 (m 12 H). 
1
H-NMR spectra was 
consistent with the previously reported data.
4a, 51
 
NMR-scale generation of LaKB from 8.1–La and KO
t
Bu. An NMR tube was charged with 1–
La·0.5 C5H12 (15.0 mg, 0.0109 mmol, 1 equiv; FW: 1376.49 g·mol
-1
) and THF–d8 (0.50 mL). 
KO
t
Bu (3.7 mg, 0.0329 mmol, 3.0 equiv; FW: 112.21 g·mol
-1
) was added to the clear colorless 
solution, and resulted in an immediate color change to pale light yellow. 
1
H-NMR(400 MHz, THF–
d8) δ: 7.59 (d, J = 8.8 Hz, 6H), 7.52 (d, J = 7.8 Hz, 6H), 7.31 (d, J = 8.8 Hz, 6H), 6.77 (m, 18 H). 
NMR-scale generation of EuLB from 8.1–Eu and LiI. An NMR tube was charged with 8.1–Eu 
(15.0 mg, 0.0111 mmol, 1 equiv; FW: 1353.47 g·mol
-1
) and THF–d8 (0.50 mL). LiI (6.7 mg, 0.0499 
mmol, 4.5 equiv; FW: 133.85 g·mol
-1
) was added to the clear colorless solution, which resulted in 




]) and a color change to 
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pale light yellow. 
1
H-NMR(400 MHz, THF–d8) δ: 24.39 (br s, 6H), 10.67 (s, 6H), 7.49 (s, 6H), 6.24 
(s, 6H), 4.11 (s, 6H), 0.94 (s, 6H). 
7
Li-NMR(155 Hz, THF–d8) δ: –39.0. 
1
H-NMR spectra was 
consistent with the previously reported data.
4a, 5c, 50
 
NMR-scale generation of YLB from 8.1–Y and LiI. An NMR tube was charged with 8.1–Y·0.5 
C5H12 (15.0 mg, 0.0113 mmol, 1 equiv; FW: 1326.49 g·mol
-1
) and THF–d8 (0.50 mL). LiI (6.8 mg, 
0.0509 mmol, 4.5 equiv; FW: 133.85 g·mol
-1
) was added to the clear colorless solution, which 




]) and a color 
change to pale light yellow. 
1
H-NMR(400 MHz, THF–d8) δ: 7.63 (br s, 12 H), 7.32 (br s, 6H), 6.82 
(m, 18H). 
7
Li-NMR(155 Hz, THF–d8) δ: 0.88. 
General Procedure E: Asymmetric Michael addition of symmetrical malonates (8.8a–d) to 
cyclohexenone (8.7a). (S)-3-[bis(methoxycarbonyl)methyl]cyclohexanone (8.9a) Under an 
N2 flow on a Schlenk line, a 10 mL Schlenk flask was charged with 8.1–La (134 mg, 0.0973 
mmol, 10 mol %, FW: 1376.49 g·mol
-1
), NaI (45.0 mg, 0.300 mmol, 30 mol %, FW: 149.89 g·mol
-
1
), THF (2.0 mL), and a Teflon-coated stir-bar. H2O (5.40 μL, 0.300 mmol, 30 mol %, FW: 18.02 
g·mol
-1
) was added to the pale light yellow mixture. Cyclohexenone (8.7a, 97.0 μL, 1.00 mmol, 1 
equiv; FW: 96.1 g·mol
-1
) was added, resulting in an immediate color change to dark yellow. The 
reaction vessel was sealed with a 14/20 rubber septum, wrapped with parafilm, and cooled to 0 
°C. Dimethylmalonate (8.8a, 114.5 μL, 1.00 mmol, 1 equiv; FW: 132.12 g·mol
-1
) was added in 4 
portions over 20 min. After 12 h, the reaction was quenched with HCl (10% v/v, 2 mL) and 
extracted with CH2Cl2 (3  10 mL). The organic layers were combined, washed with brine (10 
mL), dried with MgSO4, filtered, and solvent was removed under reduced pressure. The crude 
residue was purified by column chromatography (SiO2, 33% Pet. ether:Et2O) to obtain 8.9a as a 
colorless oil.  Yield: 202.4 mg. (0.887 mmol, 89% yield, 94% ee; FW: 228.22 g·mol
-1
). 
















2.5 mol% [La] loading (8.7 mmol scale): Under an N2 flow on a Schlenk line, a 10 mL Schlenk 
flask was charged with 8.1–La (300 mg, 0.218 mmol, 2.5 mol %, FW: 1376.49 g·mol
-1
), NaI (98.0 
mg, 0.654 mmol, 7.5 mol %, FW: 149.89 g·mol
-1
), dry THF (2.2 mL), and a Teflon-coated stir-bar. 
H2O (11.80 μL, 0.654 mmol, 7.5 mol %, FW: 18.02 g·mol
-1
) was added to the pale light yellow 
mixture.  Cyclohexenone (8.7a, 0.845 mL, 8.70 mmol, 1 equiv; FW: 96.1 g·mol
-1
) was added, 
followed by an immediate color change to dark yellow. The reaction vessel was sealed with a 
14/20 rubber septum, wrapped with parafilm, and cooled to 0 C. Dimethylmalonate (8.8a) was 
added via syringe pump over 8 h. After a total of 24 h, the reaction was quenched with HCl (10% 
v/v, 2 mL) and extracted with CH2Cl2 (3  10 mL). The organic layers were combined, washed 
with brine (10 mL), dried over MgSO4, filtered, and the solvent was removed under reduced 
pressure to yield crude 8.9a. Yield: 1.850 g. (0.811 mmol, 93% yield, 89% ee; FW: 228.22 g·mol
-
1
). 8.9a could be purified via crystallization from Et2O:hexanes (1:3 v/v) at –30 °C. Yield: 1.75 g. 
(7.67 mmol, 88% yield, 94% ee; FW: 228.22 g·mol
-1
). 
Initial High-throughput Experimentation Optimization of 1–RE/NaX (25.0 μmol scale):  
A 96-well aluminum block containing 1 mL glass vials was dosed with 8.1–La (2.5 μmol) in 
CH2Cl2 (100 μL), NaX sources (7.5 μmol) in THF (100 μL), and the solvent was removed by using 
a GeneVac. A parylene stir bar was added to each reaction vial, along with cyclohexenone (8.7a) 
and dibenzylmalonate (8.8c) in the desired solvent (50 μL). The 96-well plate was then sealed 
and stirred for 12 h at RT. The plate was then opened to air and acetonitrile (500 μL) was added 
to each vial. The plate was covered and stirred for 5 min followed by a 5 min period to allow 
insoluble particulate to settle. Into a separate 96-well LC block acetonitrile (700 L) and sample (50 
μL) were added. The LC block was sealed with a silicon-rubber storage mat and mounted on an 
automated SFC instrument for analysis using an AS-H column (gradient: 10%  30%  10% 
IPA: SC-CO2 (10 min total)). Conditions investigated over several screens (24 and 96-well plates) 





(THF, toluene), water (0, 10 mol %), amount NaX (0, 10, 20, 30, 60 mol %). 
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(S)-3-[bis(ethoxycarbonyl)methyl]cyclohexenone (8.9b). The title compound, 8.9b, was 
prepared using General Procedure E using 8.1–La (134 mg, 0.0973 mmol, 10 mol %, FW: 
1376.49 g·mol
-1
), NaI (45.0 mg, 0.300 mmol, 30 mol %, FW: 149.89 g·mol
-1
), THF (2.0 mL), H2O 
(5.40 μL, 0.300 mmol, 30 mol %, FW: 18.02 g·mol
-1
), 8.7a (97.0 μL, 1.00 mmol, 1 equiv; FW: 96.1 
g·mol
-1
), and 8.8b (153 μL, 1.00 mmol, 1 equiv; FW: 160.17 g·mol
-1
). 8.9b was purified by column 
chromatography (SiO2, 30% acetone:hexanes) to yield a colorless oil. Yield: 231.2 mg. (0.902 
mmol, 90% yield, 96% ee; FW: 256.27 g·mol
-1
). Enantioselectivities were determined by HPLC: 










H}-NMR spectra match the previously reported spectra.
2c
 
 (S)-3-[bis(benzyloxycarbonyl)methyl]cyclohexenone (8.9c). The title compound, 8.9c, was 
prepared using General Procedure E using 8.1–La (134 mg, 0.0973 mmol, 10 mol %, FW: 
1376.49 g·mol
-1
), NaI (45.0 mg, 0.300 mmol, 30 mol %, FW: 149.89 g·mol
-1
), THF (2.0 mL), H2O 
(5.40 μL, 0.300 mmol, 30 mol %, FW: 18.02 g·mol
-1
), 8.7a (97.0 μL, 1.00 mmol, 1 equiv; FW: 96.1 
g·mol
-1
), and 8.8b (250 μL, 1.00 mmol, 1 equiv; FW: 284.31 g·mol
-1
). 8.9c was purified by column 
chromatography (SiO2, 25% acetone:hexanes) to yield a white solid .  Yield: 358.6 mg. (0.943 
mmol, 94% yield, 88% ee; FW: 380.41 g·mol
-1
). Enantioselectivities were determined by HPLC: 










H}-NMR spectra match the previously reported spectra.
2c
 
(S)-3-[bis(benzyloxycarbonyl)ethyl]cyclohexenone (8.9d). The title compound, 8.9d, was 
prepared using General Procedure E using 8.1–La (44.9 mg, 0.0326 mmol, 10 mol %, FW: 
1376.49 g·mol
-1
), NaI (14.7 mg, 0.0978 mmol, 30 mol %, FW: 149.89 g·mol
-1
), THF (0.60 mL), 
H2O (1.76 μL, 0.0978 mmol, 30 mol %, FW: 18.02 g·mol
-1
), 8.9a (32.2 μL, 0.335 mmol, 1 equiv; 
FW: 96.1 g·mol
-1
), and 8.8d (86.2 μL, 0.335 mmol, 1 equiv; FW: 160.17 g·mol
-1
), where 8.8d was 
added as a solution in THF (0.100 mL). 8.9d was purified by column chromatography (SiO2, 25% 
acetone:hexanes) to yield a pale light yellow oil.   Yield: 114.6 mg. (0.291 mmol, 87% yield, 96% 
ee; FW: 394.43 g·mol
-1













spectra match the previously reported spectra.
2c
 
General Procedure F: Asymmetric Michael addition of beta-ketoesters (8.8e–f) to methyl 
vinyl ketone (8.7b). Ethyl (S)-2-oxo-1-(3-oxobutyl)-cyclohexanecarboxylate (8.8e). Under an 
N2 flow on a Schlenk line, a 10 mL Schlenk flask was charged with 8.1–La (67 mg, 0.0489 mmol, 
5 mol %, FW: 1376.49 g·mol
-1
), NaI (22.0 mg, 0.147 mmol, 15 mol %, FW: 149.89 g·mol
-1
), dry 





]). After 1 min, the solvent was removed under reduced pressure 
(Schlenk line, 30 min), and dry CH2Cl2 (2.0 mL) and H2O (2.64 μL, 0.147 mmol, 15 mol %, FW: 
18.02 g·mol
-1
) were added. The reaction vessel was cooled to –50 °C, and methyl vinyl ketone 
(8.7b, 100 μL, 1.20 mmol, 1.2 equiv; FW: 70.09 g·mol
-1
) was added.  Cyclohexyl ethyl ester (8.8e, 
160.0 μL, 1.00 mmol, 1 equiv; FW: 170.21 g·mol
-1
) was added via syringe pump over 8 h. After a 
total of 20 h, the reaction was quenched by passing the reaction through a short plug of SiO2 
(~100 mg, in a pipet), which was rinsed with acetone (5 mL). Solvent was removed under 
reduced pressure, and the crude residue was purified by column chromatography (SiO2, 20% 
acetone:hexanes) to yield 8.9e as a colorless oil. Yield: 210.5 mg. (0.876 mmol, 88% yield, 98% 
ee; FW: 240.30 g·mol
-1











spectra match the previously reported spectra.
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Benzyl (S)-2-acetyl-2-ethyl-5-oxohexanoate (8.9f). The title compound, 8.9f, was prepared 
using General Procedure F using with 8.1–La (67 mg, 0.0489 mmol, 5 mol %, FW: 1376.49 
g·mol
-1
), NaI (22.0 mg, 0.147 mmol, 15 mol %, FW: 149.89 g·mol
-1
), dry CH2Cl2 (2.0 mL) and H2O 
(2.64 μL, 0.147 mmol, 15 mol %, FW: 18.02 g·mol
-1
), Methyl vinyl ketone (8.7b, 100 μL, 1.20 
mmol, 1.2 equiv; FW: 70.09 g·mol
-1
), and benzyl-2-ethyl-3-oxobutanoate (8.8e, 206 μL, 1.00 
mmol, 1 equiv; FW: 220.26 g·mol
-1
). 8.9f was purified by column chromatography (SiO2, 20% 
acetone:hexanes) to yield a pale light yellow oil.   Yield: 242.5 mg. (0.835 mmol, 84% yield, ≥99% 
ee; FW: 290.35 g·mol
-1
). HRMS (ESI) m/z C17H22O4Na, [8.9f+Na
+




20][ D  = –7.947 (c = 2.932, CHCl3). 
1
 δ 7.32 (s, 5H), 5.14 (s, 1H), 5.13 (s, 1H), 2.22 (dt, 
J = 8.2, 6.1 Hz, 2H), 2.18 – 2.09 (m, 1H), 2.08 – 2.00 (m, 1H) 2.04 (s, 3H),  2.02 (s, 3H), 1.97 – 
1.79 (m, 2H), 0.74 (t, J = 7.5 Hz, 3H). 
13
 207.1, 204.9, 172.1, 135.4, 128.7, 128.6, 67.1, 63.1, 
38.3, 29.9, 26.9, 25.3, 24.8, 8.3. IR (neat, cm
-1
) ν: 3066, 3035, 2965, 2925, 2883, 2856, 1737, 
1711, 1606, 1587, 1497, 1456, 1420, 1373, 1356, 1279, 1239, 1208, 1166, 1122, 1099, 1064, 
1030, 969, 912, 827, 794, 752, 699, 602, 584, 516, 497, 457. Enantioselectivities were 




, λobs = 220 nm, tR =  
53.84, 57.96 min.   
General Procedure G: Asymmetric aza-Michael addition methoxyamine (8.11) to 
chalcone derivatives (8.10).  (S)-3-(Methoxyamino)-1,3-diphenyl-1-propanone (8.12a). A 
microwave vial was charged with 8.1–Y (20.6 mg, 0.0150 mmol, 3 mol %, FW: 1326.49 g·mol
-1
), 
LiI (6.0 mg, 0.045 mmol, 9 mol %, FW: 133.85 g·mol
-1
), Chalcone (8.10a, 104.1 mg, 0.500 mmol, 
1 equiv; FW: 208.26 g·mol
-1
), Drierite® (68.1 mg, 0.5 mmol, 1 equiv; FW: 136.14), and a Teflon-
coated stir-bar. The vessel was sealed with a 14/20 rubber septum, and evacuated and refilled 





]). The stirring orange mixture was cooled to –20 °C and 
methoxyamine (8.11, 56.6 μL, 0.600 mmol, 10.6 M in THF, 1.2 equiv; FW: 47.06 g·mol
-1
) was 
added via syringe and the reaction was stirred for 48 h under N2. Acetaldehyde (15.0 μL, 0.268 
mmol, 0.44 equiv; FW: 44.05 g·mol
-1
) was added to quench excess methoxyamine. The reaction 
was diluted with diethyl ether (5 mL), washed with water (3  5 mL), brine (5 mL), and dried with 
MgSO4. Solvents were removed under reduced pressure, and the crude residue was purified by 
column chromatography (SiO2, 10% EtOAc:hexanes) to yield 8.12a as a light yellow solid. Yield: 
112.3 mg. (0.440 mmol, 88% yield, 91% ee; FW: 255.32 g·mol
-1
). Enantioselectivities were 




, λobs = 254 nm, tR = 






H}-NMR spectra match the previously reported spectra.
44, 53 
7a (5 mmol scale). A 10 mL Schlenk flask was charged with 8.1–Y (206.5 mg, 0.150 mmol, 3 
mol %, FW: 1326.49 g·mol
-1
), LiI (60.2 mg, 0.450 mmol, 9 mol %, FW: 133.85 g·mol
-1
), and a 
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Teflon-coated stir-bar and purged with N2. Dry THF (2.50 mL) was added and the immediate 




]). Chalcone (8.10a, 1.041 g, 5.00 mmol, 1 
equiv; FW: 208.26 g·mol
-1
) was added against an N2 flow to the stirring light yellow mixture. 
Drierite (680.7 mg, 5.0 mmol, 1 equiv; FW: 136.14 g·mol
-1
) was added against an N2 flow to the 
stirring orange mixture. The reaction vessel was cooled to –20 °C and 8.11 (0.566 mL, 6.00 
mmol, 10.6 M in THF, 1.2 equiv; FW: 47.06 g·mol
-1
) was added via syringe and the reaction was 
stirred for 48 h. Acetaldehyde (0.150 mL, 2.68 mmol, 0.44 equiv; FW: 44.05 g·mol
-1
) was added 
to quench excess methoxyamine. The reaction was diluted with diethyl ether (15 mL), washed 
with water (3  10 mL), brine (10 mL), and dried with MgSO4. The solvents was removed under 
reduced pressure, and the crude residue was purified by column chromatography (SiO2, 10% 
EtOAc:hexanes) to yield 8.12a as a light yellow solid. Yield: 1.187 g. (4.65 mmol, 93% yield, 93% 
ee; FW: 255.32 g·mol
-1
). 
3-(Methoxyamino)-3-(4-methylphenyl)-1-phenyl-1-propanone (8.12b). The title compound, 
8.12b, was synthesized following General Procedure G using (E)-1-phenyl-3-(p-tolyl)prop-2-en-1-
one (8.10b, 111.2 mg, 0.500 mmol, 1 equiv; FW: 222.29 g·mol
-1
) for 50 h. Yield: 122.5 mg. (0.455 
mmol, 91% yield, 93% ee; FW: 269.34 g·mol
-1
). Enantioselectivities were determined by HPLC: 











H}-NMR spectra match the previously reported spectra.
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1-(4-Chlorophenyl)-3-(methoxyamino)-3-phenyl-1-propanone (8.12c). The title compound, 
8.12c, was synthesized following General Procedure G using (E)-1-(4-chlorophenyl)-3-
phenylprop-2-en-1-one (8.10c, 121.4 mg, 0.500 mmol, 1 equiv; FW: 242.70 g·mol
-1
) for 50 h. 
Yield: 139.1 mg. (0.480 mmol, 96% yield, 94% ee; FW: 289.76 g·mol
-1
). Enantioselectivities were 




, λobs = 210 nm, tR =  






H}-NMR spectra match the previously reported spectra.
44, 53
 
3-(Methoxyamino)-1-phenyl-3-(2-thienyl)-1-propanone (8.12d). The title compound, 8.12d, 
was synthesized following General Procedure G using (E)-1-phenyl-3-(thiophen-2-yl)prop-2-en-1-
one (8.10d, 107.1 mg, 0.500 mmol, 1 equiv; FW: 214.28 g·mol
-1
) for 48 h. Yield: 121.5 mg. (0.465 
618 
 
mmol, 93% yield, 93% ee; FW: 261.34 g·mol
-1
). Enantioselectivities were determined by HPLC: 











H}-NMR spectra match the previously reported spectra.
44, 53
 
3-(Methoxyamino)-1,5-diphenyl-4-penten-1-one (8.12e). The title compound, 8.12e, was 
synthesized following General Procedure G using (2E,4E)-1,5-diphenylpenta-2,4-dien-1-one 
(8.10e, 117.2 mg, 0.500 mmol, 1 equiv; FW: 234.34 g·mol
-1
) and THF (0.250 mL) for 90 h. Yield: 
136.5 mg. (0.485 mmol, 97% yield, 91% ee; FW: 281.35 g·mol
-1
). Enantioselectivities were 




, λobs = 230 nm, tR =  






H}-NMR spectra match the previously reported spectra.
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3-Hydroxy-4,4-dimethyl-1-phenylpentan-1-one (8.15). Under an N2 flow, a 10 mL Schlenk flask 
was charged with dry THF (0.3 mL) and KO
t
Bu (9.0 mg, 0.0800 mmol, 8 mol %, FW: 112.21 
g·mol
-1
). H2O (2.88 μL, 0.160 mmol, 16 mol %, FW: 18.02 g·mol
-1
) was added. A dry 4 mL 
scintillation vial was charged with 8.1–La (67 mg, 0.0489 mmol, 8 mol %, FW: 1376.49 g·mol
-1
), 
LiI (22.0 mg, 0.147 mmol, 24 mol %, FW: 133.85 g·mol
-1
), dry THF (1.2 mL), and a Teflon-coated 




]). The solution was 
immediately transferred to the Schlenk flask and cooled to –20 °C. Acetophenone (8.14, 0.584 
mL, 5.00 mmol, 5 equiv; FW: 120.15 g·mol
-1
) was added via syringe and stirred for 20 min. 
Pivaldehyde (8.13, 108.6 μL, 1.00 mmol, 1 equiv; FW: 86.13 g·mol
-1
) was added and stirred for 
20 h. The reaction was quenched with HCl (1 N, 1 mL), extracted with Et2O (3  15 mL) and 
washed with water (5 mL). The compound was dried over MgSO4, filtered, and solvent was 
removed under reduced pressure. The crude oil was purified by column chromatography (SiO2, 
5% EtOAc:hexanes) to yield 8.15 as a colorless oil. Yield: 152.0 mg. (0.736 mmol, 74% yield, 
95% ee; FW: 206.28 g·mol
-1




















Table 8.4.1. Price of various Lanthanum sources (www.strem.com, 02/27/2014) per gram of La. 









Price / 1 g La 
($ / g La) 
La(NO3)3·6H2O 100 29 433.02 32.08 0.904 
La(NO3)3·6H2O 500 116 433.02 32.08 0.723 
LaCl3·6H2O 100 56 353.36 39.31 1.425 
LaCl3·6H2O 500 224 353.36 39.31 1.140 
LaCl3 25 90 245.27 56.63 6.357 
LaCl3 100 277 245.27 56.63 4.891 
La(OTf)3 10 46 586.11 23.70 19.410 
La(OTf)3 50 162 586.11 23.70 13.671 
La(O
i
Pr)3 1 66 316.17 43.93 150.225 
La(O
i
Pr)3 5 266 316.17 43.93 121.091 
La[N(SiMe3)2]3 1 59 620.06 22.40 263.369 




Figure 8.4.1. Enantiomeric excess of 8.9c with addition of varying mol % of H2O using the 8.1–
La/NaI system (10 mol % [La]; [sub] = 0.5 M; malonate added in one portion). 
 
 
 Table 8.4.2. Effect of H2O on the ee of 8.9c 
 using LaNaB as a catalyst (8.1–La/NaI) 
















H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) 




C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) 






H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) 




C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) 





Figure 8.4.2e. Comparison of 
1
H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] 
(8.1–La) prepared by procedure A (glovebox, top) and procedure C (open-air, bottom). 
 
Figure 8.4.2f. Comparison of 
13
C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] 




















H-NMR(THF–d8, 400 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) + LiI (3 
equiv);   = LaLB. 
1






Li-NMR(THF–d8, 155 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) + LiI (3 






H-NMR(THF–d8, 400 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) + NaI 
(3 equiv);    = LaNaB. 
1




Figure 8.4.4b. Comparison of the downfield region of the 
1
H-NMR(THF, 400 MHz) spectra of 





 Figure 8.4.5. 
1
H-NMR(THF–d8, 400 MHz) spectra of [TMG-H
+
]3[La(BINOLate)3] (8.1–La) + 
KO
t




H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) 






C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) 




H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) 




Figure 8.4.6d. Comparison of 
1
H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] 












H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) before 




H-NMR(THF–d8, 400 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) + LiI 
(excess; ~4.5 equiv);    = EuLB. 
1








Li-NMR(THF–d8, 155 MHz) spectra of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) + LiI 




H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Yb(BINOLate)3] (8.1–Yb) 






C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[Yb(BINOLate)3] (8.1–Yb) 




H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Yb(BINOLate)3] (8.1–Yb) 




Figure 8.4.10d. Comparison of 
1
H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Yb(BINOLate)3] 




H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Yb(BINOLate)3] (8.1–Yb) before 








H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) prepared 




C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) 






H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) prepared 





C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) 




Figure 8.4.12e. Comparison of 
1
H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] 
(8.1–Y) prepared by procedure A (glovebox, top) and procedure D (open-air, bottom). 
 
Figure 8.4.12f. Comparison of 
13
C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] 






H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) before 




H-NMR(THF–d8, 400 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) + LiI 







Li-NMR(THF–d8, 155 MHz) spectra of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) + LiI 





H-NMR(CDCl3, 500 MHz) spectra of [TMG-H
+
]3[La(6,6′-Br2-BINOLate)3] (8.1′–






C-NMR(CDCl3, 126 MHz) spectra of [TMG-H
+
]3[La(6,6′-Br2-BINOLate)3] (8.1′–




H-NMR(CDCl3, 500 MHz) spectra of [DBU-H
+
]3[La(BINOLate)3] (8.2–La) 






C-NMR(CDCl3, 126 MHz) spectra of [DBU-H
+
]3[La(BINOLate)3] (8.2–La) 




H-NMR(CDCl3, 500 MHz) spectra of [DBU-H
+
]3[Eu(BINOLate)3] (8.2–Eu) 






C-NMR(CDCl3, 126 MHz) spectra of [DBU-H
+
]3[Eu(BINOLate)3] (8.2–Eu) 




H-NMR(CDCl3, 500 MHz) spectra of [DBU-H
+
]3[Yb(BINOLate)3] (8.2–Yb) 






C-NMR(CDCl3, 126 MHz) spectra of [DBU-H
+
]3[Yb(BINOLate)3] (8.2–Yb) 




H-NMR(CDCl3, 500 MHz) spectra of [DBU-H
+
]3[Y(BINOLate)3] (8.2–Y) prepared 






C-NMR(CDCl3, 126 MHz) spectra of [DBU-H
+
]3[Y(BINOLate)3] (8.2–Y) prepared 




H-NMR(CDCl3, 500 MHz) spectra of [TBD-H
+
]3[La(BINOLate)3] (8.3–La) 






C-NMR(CDCl3, 126 MHz) spectra of [TBD-H
+
]3[La (BINOLate)3] (8.3–La) 



































H-NMR(CDCl3, 500 MHz) spectra of (S)-3-


















H-NMR(CDCl3, 500 MHz) spectra of (S)-3-

















H-NMR(CDCl3, 500 MHz) spectra of (S)-3-


















H-NMR(CDCl3, 500 MHz) spectra of (S)-3-[1,1-










































































































































































H DOSY NMR. The NMR experiments for the determination of the self-diffusion coefficients and 
hydrodynamic radii were performed at 300 K on a Bruker Avance DRX 600 MHz spectrometer 
equipped with a 5 mm TXI probe with a z-axis gradient coil. The gradient system was calibrated 
with a doped water sample. In Bipolar-LED experiments, diffusion time (D20, Δ) was 100 ms for 
all samples, and the duration (P30, δ) of the sine shaped gradients was set according to values 
listed in Table 8.4.3. Data were systematically accumulated by linearly varying the diffusion 
gradients from 95% to 5% for 16 gradient increment values (gradient strength listed below in 
Table 8.4.3). Data processing was accomplished with Bruker TOPSPIN 1.3 DOSY software and 
Bruker TOPSPIN 1.3 T1/T2 software, with representative 2D spectra processed using 
MestReNova v. 7.0.3. Diffusion coefficients (Do) were obtained after fitting area data to the 
Stejskal-Tanner expression with the Bruker TOPSPIN 1.3 T1/T2 software and the reported Do is 
an average value calculated from the different NMR responses within the same compound. 
Similarly, standard deviations associated with values of Do were calculated from differences in Do 
in the same sample using different NMR responses. The experiments were run in THF–d8 (~10-
20 mM in sample) with 5.0 μL tetramethylsilane (TMS) and 4.0 mg ferrocene (Fc) used as internal 
standards. The hydrodynamic radii (rH(sample)) of 8.1–La, 8.2–La, 8.3–La, 8.5–La, and 8.6–La 
were determined following Eqn 8.4.1:  
 rH(sample) = [Do(reference)/Do(sample)] x rH(reference)      (Eqn 8.4.1) 
where Do(reference) was the diffusion coefficient for the corresponding internal standard, 
Do(sample) was the diffusion coefficient of the sample, and rH(reference) was the hydrodynamic 
radii of the internal references. Equation 8.4.1 was used to minimize errors between samples due 
to variations in viscosity and temperature, and is derived from the Stokes-Einstein equation:
55
 
  Do = kT/6rHπη
 
       (Eqn 8.4.2) 
where Do is the diffusion coefficient, k is the Boltzmann constant, T is temperature, rH is the 
hydrodynamic radius, and η is the viscosity of the solution. The theoretical hydrodynamic radii 
(rH(theo)) were determined from their reported crystal structures, taking the centroid of the molecule 
and measuring the distance to the furthest point in the molecule. 
660 
 
Table 8.4.3. p30, gradient strength, and diffusion coefficients for the 
1




























8.1–La 1.40 95 1.00 90 12.77 13.34 
8.2–La 1.60 95 1.40 90 13.29 13.22 
8.3–La 2.00 95 1.00 85 12.22 13.42 
8.5–La 1.80 85 1.00 90 15.25 15.44 





H DOSY NMR spectrum of 8.2–La and internal references (TMS, Fc) at 300 K 
in CDCl3. * = CDCl3  ^ = residual THF.  Line provided as a guide for the eye for the graphical 







H DOSY NMR spectrum of 8.3–La and internal references (TMS, Fc) at 300 K 
in CDCl3. * = CDCl3  ^ = residual hexanes.  Line provided as a guide for the eye for the graphical 





H DOSY NMR spectrum of 8.5–La and internal references (TMS, Fc) at 300 K 
in CDCl3. * = CDCl3  ^ = residual THF.  Line provided as a guide for the eye for the graphical 







H DOSY NMR spectrum of 8.5–La and internal references (TMS, Fc) at 300 K 
in CDCl3. * = CDCl3  ^ = residual THF.  Line provided as a guide for the eye for the graphical 
determination of Do for 8.5–La.  
 
 
Figure 8.4.39a. Points used for determination of rH(theo) (2.376(6) Å) from the crystal structure of 
TMS (CSD ref = TIVWOL). 
 
Figure 8.4.39b. Points used for determination of rH(theo) (2.790(2) Å) from the crystal structure of 




Figure 8.4.39c. Points used for determination of rH(theo) (8.685 Å) from the crystal structure of 8.1–
La. 
 
Figure 8.4.39d. Points used for determination of rH(theo) (8.602 Å) from the crystal structure of 8.2–
La. 
 





Figure 8.4.39f. Points used for determination of rH(theo) (10.212 Å) from the crystal structure of 
8.5–La. 
 






Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 210 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 16.03 / 5395 18.51 / 5322 -- 
Enantioenriched 
(bottom) 
16.67 /  122 18.73  /  4044 94 
Figure 8.4.40. HPLC trace of racemic (top) and enantioenriched (bottom) 8.9a. 
 
Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 220 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 10.00 / 1489 11.01 / 1487 -- 
Enantioenriched 
(bottom) 
10.07 /  63.9 10.85  /  123 96 




Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 210 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 16.32 / 21697 18.59 / 22136 -- 
Enantioenriched 
(bottom) 
16.54 /  1938 18.72  /  29985 88 
Figure 8.4.42. HPLC trace of racemic (top) and enantioenriched (bottom) 8.9c. 
 
 
Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 254 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 11.59 / 4478 17.74 / 4396 -- 
Enantioenriched 
(bottom) 
11.90 /  57 17.90  /  2815 96 





Conditions:  Column = Chiralcel AS-H.  Flow = 1.0 ml/min.  Eluent = 10% 
i
PrOH, 90% Hex.  
Detection @ 210 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 9.63 / 950 11.41 / 1023 -- 
Enantioenriched 
(bottom) 
9.64 /  43 11.03  /  3608 98 




Conditions:  Column = Chiralcel AD-H.  Flow = 0.5 ml/min.  Eluent = 1% 
i
PrOH, 99% Hex.  
Detection @ 220 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 53.84 / 1832 57.96 / 1741 -- 
Enantioenriched 
(bottom) 
--- (Not obs.) 58.22  /  143 >99 







Conditions:  Column = Chiralcel OD-H.  Flow = 0.5 ml/min.  Eluent = 5% 
i
PrOH, 95% Hex.  
Detection @ 254 nm 
 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 21.81 / 30316 27.71 / 30759 -- 
Enantioenriched 
(bottom) 
21.39 / 24943 28.82  /  938 93 
 






Conditions:  Column = Chiralcel OD-H.  Flow = 1.0 ml/min.  Eluent = 5% 
i
PrOH, 95% Hex.  
Detection @ 280 nm 
 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 8.14 / 2443 11.96 /2391 -- 
Enantioenriched 
(bottom) 
8.08 /  2274 11.79  /  74 94 
 





Conditions:  Column = Chiralcel AD-H.  Flow = 0.7 ml/min.  Eluent = 5% 
i
PrOH, 95% Hex.  
Detection @ 210 nm 
 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 24.55 / 22328 26.61 / 22862 -- 
Enantioenriched 
(bottom) 
25.13 /  19030 27.13  /  599 94 
 






Conditions:  Column = Chiralcel OD-H.  Flow = 1.0 ml/min.  Eluent = 5% 
i
PrOH, 95% Hex.  
Detection @ 254 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 11.76 / 39108 18.00 / 40696 -- 
Enantioenriched 
(bottom) 
11.62 / 32831 18.29  /  1148 93 
 











Conditions:  Column = Chiralcel OD-H.  Flow = 0.5 ml/min.  Eluent = 5% 
i
PrOH, 95% Hex.  
Detection @ 230 nm 
 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 27.08 / 21409 32.84 / 21435 -- 
Enantioenriched 
(bottom) 
26.55 /  24214 32.24  /  1104 91 
 
Figure 8.4.50. HPLC trace of racemic (top) and enantioenriched (bottom) 8.12e. 
 
 
Conditions:  Column = Chiralcel AD-H.  Flow = 1.0 ml/min.  Eluent = 15% 
i
PrOH, 85% Hex.  
Detection @ 254 nm 
Sample  tr (min)    /   Area tr (min)    /   Area ee (%) 
Racemate (top) 4.70 / 1685 5.98 / 1685 -- 
Enantioenriched 
(bottom) 
4.68 /  121 5.93  /  4261 95 
Figure 8.4.51. HPLC trace of racemic (top) and enantioenriched (bottom) 8.15. 
671 
 
 X-Ray Crystallography. X-ray intensity data were collected on a Brüker APEXII CCD area 
detector employing graphite-monochromated Mo-Kα radiation (λ=0.71073 Å) at a temperature of 
143(1) K. In all cases, rotation frames were integrated using SAINT,
56





) values which were then passed to the SHELXTL
57
 program package for 
further processing and structure solution on a Dell Pentium 4 computer. The intensity data were 





The structures were solved by direct methods (SHELXS-97).
60
 Refinement was by full-matrix 
least squares based on F
2
 using SHELXL-97. All reflections were used during refinements. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were refined using a riding 
model. For the structures of [(TMG-H
+





)3][Y(BINOLate)3]∙0.5C5H12 (8.1–Y∙0.5 C5H12), [(TMG-
H
+





)3][La(BINOLate)3] (8.3–La), and [(DPG-H
+
)3][La(BINOLate)3] (8.4–La) there were areas of 
disordered solvent for which reliable disorder models could not be devised; the X-ray data were 
corrected for the presence of disordered solvent using SQUEEZE.
61
   
Crystallographic data and structure refinement information are summarized in Table 
8.4.4 – 8.4.9. The crystallographically determined bond lengths and angles for 8.1–La 
(Penn4148), 8.1–Eu (Penn4175), 8.1–Yb (Penn4526), 8.1–Y (Penn4404), 8.2–La (Penn4528), 
8.2–Eu (Penn44124), 8.2–Yb (Penn4140), 8.2–Y (Penn4143), 8.3–La (Penn4552), 8.4–La 




Figure 8.4.52: Thermal ellipsoid plot of [TMG-H
+
]3[Eu(BINOLate)3] (8.1–Eu) with 30% probability 
thermal ellipsoids. Two molecules crystallize in the asymmetric unit, where one molecule has 
been removed for clarity. An interstitial THF solvent molecule has also been removed for clarity.  
Selected bond distances (Å): Eu(1)–O(1) 2.303(3), Eu(1)–O(2) 2.309(3), Eu(1)–O(3) 2.300(4), 
Eu(1)–O(4) 2.306(3), Eu(1)–O(5) 2.308(4), Eu(1)–O(6) 2.324(4),  N(1)–O(1) 2.748(6), N(1)–O(6) 
2.748(6), N(4)–O(2) 2.800(6), N(4)–O(3) 2.754(6), N(7)–O(4) 2.771(6), N(7)–O(5) 2.763(5), 
Eu(1′)–O(1′) 2.298(4), Eu(1′)–O(2′) 2.324(3), Eu(1′)–O(3′) 2.305(4), Eu(1′)–O(4′) 2.320(4), Eu(1′)–
O(5′) 2.289(3), Eu(1′)–O(6′) 2.328(3),  N(1′)–O(1′) 2.802(5), N(1′)–O(6′) 2.750(6), N(4′)–O(2′) 
2.790(6), N(4′)–O(3′) 2.765(6), N(7′)–O(4′) 2.771(6), and N(7′)–O(5′) 2.798(6). Selected bond 
angles (°): N(1)–H(1a)–O(2) 152.4, N(1)–H(1b)–O(6) 147.2, N(4)–H(4a)–O(2) 148.0, N(4)–H(4b)–
O(3) 151.7, N(7)–H(7a)–O(4) 153.3, N(7)–H(7b)–O(5) 146.4, N(1′)–H(1a′)–O(2′) 155.9, N(1′)–
H(1b′)–O(6′) 145.0, N(4′)–H(4a′)–O(2′) 151.8, N(4′)–H(4b′)–O(3′) 146.6, N(7′)–H(7a′)–O(4′) 145.4, 




Figure 8.4.53: Thermal ellipsoid plot of [TMG-H
+
]3[Yb(BINOLate)3] (8.1–Yb) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Yb(1)–O(1) 2.208(4), Yb(1)–O(2) 2.229(4), N(1)–





Figure 8.4.54: Thermal ellipsoid plot of [TMG-H
+
]3[Y(BINOLate)3] (8.1–Y) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Y(1)–O(1) 2.2418(19), Y(1)–O(2) 2.2593(18), 
N(1)–O(1) 2.775(3), and N(1)–O(2) 2.756(3). Selected bond angles (°): N(1)–H(1a)–O(2) 144.3 





Figure 8.4.55: Thermal ellipsoid plot of [DBU-H
+
]3[Eu(BINOLate)3] (8.2–Eu) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Eu(1)–O(1) 2.275(5), Eu(1)–O(2) 2.331(5), 
Eu(1)–O(3) 2.247(5), Eu(1)–O(4) 2.261(6), Eu(1)–O(5) 2.317(5), Eu(1)–O(6) 2.334(5), N(1)–O(2) 
2.753(8), N(3)–O(5) 2.792(9), and N(5)–O(6) 2.701(10). Selected bond angles (°): N(1)–H(1a)–




Figure 8.4.56: Thermal ellipsoid plot of [DBU-H
+
]3[Yb(BINOLate)3] (8.2–Yb) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Yb(1)–O(1) 2.2480(20), Yb(1)–O(2) 2.2473(19), 
Yb(1)–O(3) 2.1920(20), Yb(1)–O(4) 2.2440(20), Yb(1)–O(5) 2.175(20), Yb(1)–O(6) 2.1850(20), 
N(1)–O(2) 2.723(4), N(3)–O(4) 2.759(3), and N(5)–O(1) 2.773(4). Selected bond angles (°): N(1)–




Figure 8.4.57: Thermal ellipsoid plot of [DBU-H
+
]3[Y(BINOLate)3] (8.2–Y) with 30% probability 
thermal ellipsoids. Selected bond distances (Å): Y(1)–O(1) 2.2177(17), Y(1)–O(2) 2.2025(18), 
Y(1)–O(3) 2.2692(17), Y(1)–O(4) 2.2287(17), Y(1)–O(5) 2.2788(16), Y(1)–O(6) 2.2701(16), N(1)–
O(3) 2.761(3), N(3)–O(5) 2.720(3), and N(5)–O(6) 2.781(3). Selected bond angles (°): N(1)–
H(1a)–O(3) 177.0, N(3)–H(3a)–O(5) 171.0, and N(5)–H(5a)–O(6) 169.2.
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Table 8.4.4. Crystallographic parameters for compounds 8.1–La, and 8.1–Eu.  
 8.1–La (Penn4148) 8.1–Eu (Penn4175) 
Empirical formula C81H90N9O6Cl12La C154H164N18O13Eu2 
Formula weight 1849.93 2778.95 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system cubic orthorhombic 
Space group I23 C2221  
Cell constants   
a (Å) 26.7977(13) 23.8149(17) 
b (Å) 26.7977(13) 36.254(3) 
c (Å) 26.7977(13) 36.328(3) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 19243.9(16) 31365(4) 
Z 8 8 
ρcalc (mg/cm
3
) 1.277 1.177 
µ (Mo Kα) (mm
–1
) 0.827 0.853 
F(000) 7584 11552 
Crystal size (mm
3
) 0.38 x 0.26 x 0.08 0.22 x 0.18 x 0.15 
Theta range for data collection 1.52 to 27.52° 1.59 to 27.54° 
Index ranges 
-34 ≤ h ≤ 34, -34 ≤ k ≤ 34, -34 ≤ 
l ≤ 34 
-30 ≤ h ≤ 30, -47 ≤ k ≤ 47, -46 ≤ 
l ≤ 47 
Reflections collected 161146 274443 
Independent collections 7411 [R(int) = 0.0353] 36125 [R(int) = 0.0565] 
Completeness to theta = 27.52
o
 99.90% 99.90% 
Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6999 0.7456 and 0.7175 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 7411 / 0 / 279 36125 / 5 / 1709 
Goodness–of–fit on F
2
 1.038 1.031 
Final R indices [I>2sigma(I)] R1 = 0.0270, wR2 = 0.0720 R1 = 0.0527, wR2 = 0.1396 
R indices (all data) R1 = 0.0294, wR2 = 0.0730 R1 = 0.0636, wR2 = 0.1451 




0.494 and -0.245 
4.832 and -0.799  
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Table 8.4.5. Crystallographic parameters for compounds 8.1–Yb, and 8.1–Y.  
 8.1–Yb (Penn4526) 8.1–Y (Penn4404) 
Empirical formula C78H84N9O6Cl6Yb C81H90N9O6Cl12Y 
Formula weight 1629.28 1799.93 
Temperature (K) 100(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system cubic cubic 
Space group I23 I23      
Cell constants   
a (Å) 26.5542(10) 26.5809(8) 
b (Å) 26.5542(10) 26.5809(8) 
c (Å) 26.5542(10) 26.5809(8) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 18724.0(12) 18780.6(10) 
Z 8 8 
ρcalc (mg/cm
3
) 1.156 1.273 
µ (Mo Kα) (mm
–1
) 1.217 1.014 
F(000) 6680 7440 
Crystal size (mm
3
) 0.45 x 0.25 x 0.20 0.35 x 0.35 x 0.22 
Theta range for data collection 1.88 to 27.52° 1.08 to 27.49° 
Index ranges 
-34 ≤ h ≤ 34, -34 ≤ k ≤ 34, -34 ≤ l 
≤ 33 
-34 ≤ h ≤ 34, -34 ≤ k ≤ 33, -34 ≤ 
l ≤ 34 
Reflections collected 121581 181663 
Independent collections 7189 [R(int) = 0.0277] 7174 [R(int) = 0.0413] 





Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6789 0.7456 and 0.6847 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 7189 / 2 / 306 7174 / 0 / 279 
Goodness–of–fit on F
2
 1.114 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0564, wR2 = 0.1649 R1 = 0.0479, wR2 = 0.1349 
R indices (all data) R1 = 0.0623, wR2 = 0.1745 R1 = 0.0520, wR2 = 0.1381 




2.967 and -0.944 0.339 and -0.289 
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Table 8.4.6. Crystallographic parameters for compounds 8.2–La, and 8.2–Eu.  
 8.2–La (Penn4528) 8.2–Eu (Penn4124) 
Empirical formula C87H87N6O6La C99H111N6O9Eu 
Formula weight 1451.54 1680.9 
Temperature (K) 100(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic orthorhombic 
Space group P212121 P212121 
Cell constants   
a (Å) 19.8683(7) 11.2061(5) 
b (Å) 20.0320(7) 23.9366(11) 
c (Å) 21.0550(7) 31.4661(14) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 8379.9(5) 8440.3(7) 
Z 4 4 
ρcalc (mg/cm
3
) 1.151 1.323 
µ (Mo Kα) (mm
–1
) 0.562 0.807 
F(000) 3024 3528 
Crystal size (mm
3
) 0.32 x 0.22 x 0.20 0.12 x 0.10 x 0.03 
Theta range for data collection 1.93 to 27.58° 1.55 to 27.54° 
Index ranges 
-25 ≤ h ≤ 25, -26 ≤ k ≤ 25, -25 ≤ l 
≤ 27 
-14 ≤ h ≤ 14, -31 ≤ k ≤ 31, -40 ≤ 
l ≤ 40 
Reflections collected 147191 75829 
Independent collections 19312 [R(int) = 0.0297] 18996 [R(int) = 0.1580] 





Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6958 0.7456 and 0.5477 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 19312 / 1006 / 752 18996 / 120 / 1037 
Goodness–of–fit on F
2
 1.169 0.956 
Final R indices [I>2sigma(I)] R1 = 0.0866, wR2 = 0.2600 R1 = 0.0683, wR2 = 0.1196 
R indices (all data) R1 = 0.1022, wR2 = 0.2840 R1 = 0.1959, wR2 = 0.1592 




2.772 and -0.717 0.808 and -1.771 
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Table 8.4.7. Crystallographic parameters for compounds 8.2–Yb, and 8.2–Y.  
 8.2–Yb (Penn4140) 8.2–Y (Penn4143) 
Empirical formula C99H111N6O9Yb C99H111N6O9Y 
Formula weight 1701.98 1617.85 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system orthorhombic orthorhombic 
Space group P212121  P212121  
Cell constants   
a (Å) 11.2352(3) 11.2203(9) 
b (Å) 23.9015(8) 23.918(2) 
c (Å) 31.3204(9) 31.373(3) 
α (
o
) 90.00 90.00 
β (
o
) 90.00 90.00 
γ (
o
) 90.00 90.00 
V (Å
3
) 8410.7(4) 8419.5(13) 
Z 4 4 
ρcalc (mg/cm
3
) 1.344 1.276 
µ (Mo Kα) (mm
–1
) 1.176 0.756 
F(000) 3556 3432 
Crystal size (mm
3
) 0.42 x 0.15 x 0.08 0.50 x 0.28 x 0.15 
Theta range for data collection 1.55 to 27.54° 1.55 to 27.52° 
Index ranges 
-14 ≤ h ≤ 14, -31 ≤ k ≤ 31, -40 ≤ l 
≤ 39 
-14 ≤ h ≤ 14, -31 ≤ k ≤ 31, -40 ≤ 
l ≤ 40 
Reflections collected 134702 149333 
Independent collections 19348 [R(int) = 0.0338] 19264 [R(int) = 0.0374] 





Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.6282 0.7456 and 0.6632 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 19348 / 130 / 1037 19264 / 229 / 1037 
Goodness–of–fit on F
2
 0.877 1.02 
Final R indices [I>2sigma(I)] R1 = 0.0306, wR2 = 0.0743 R1 = 0.0419, wR2 = 0.1052 
R indices (all data) R1 = 0.0391, wR2 = 0.0796 R1 = 0.0593, wR2 = 0.1133 








Table 8.4.8. Crystallographic parameters for compounds 8.3–La, and 8.4–La.  
 8.3–La (Penn4552) 8.4–La (Penn4153) 
Empirical formula C81H78N9O6La C99H78N9O6La 
Formula weight 1412.43 1628.61 
Temperature (K) 100(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system monoclinic trigonal 
Space group C2       P3121      
Cell constants   
a (Å) 24.817(2) 27.1966(12) 
b (Å) 16.686(2) 27.1966(12) 
c (Å) 19.591(2) 11.4960(5) 
α (
o
) 90 90.00 
β (
o
) 104.470(8) 90.00 
γ (
o
) 90 120.00 
V (Å
3
) 7855.2(14) 7363.9(6) 
Z 4 3 
ρcalc (mg/cm
3
) 1.194 1.102 
µ (Mo Kα) (mm
–1
) 0.598 0.487 
F(000) 2928 2520 
Crystal size (mm
3
) 0.38 x 0.10 x 0.08 0.18 x 0.08 x 0.08 
Theta range for data collection 1.69 to 27.86° 1.50 to 27.52° 
Index ranges 
-32 ≤ h ≤ 32, -21 ≤ k ≤ 21, -25 ≤ l 
≤ 25 
-35 ≤ h ≤ 35, -32 ≤ k ≤ 35, -14 ≤ 
l ≤ 14 
Reflections collected 88449 141130 
Independent collections 18105 [R(int) = 0.0815] 11297 [R(int) = 0.1057] 





Absorption correction Semi-empirical from equivalents Semi-empirical from equivalents 
Max and min. transmission 0.7456 and 0.5974 0.7456 and 0.6473 
Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F
2
 
Data / restraints / parameters 18105 / 1006 / 752 11297 / 168 / 555 
Goodness–of–fit on F
2
 1.023 0.964 
Final R indices [I>2sigma(I)] R1 = 0.1065, wR2 = 0.2745 R1 = 0.0537, wR2 = 0.1067 
R indices (all data) R1 = 0.1562, wR2 = 0.3110 R1 = 0.0758, wR2 = 0.1142 




3.349 and -1.588 1.284 and -0.662 
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Table 8.4.9. Crystallographic parameters for compounds 8.5–La, and 8.6–La.  
 8.5–La (Penn4385) 8.6–La (Penn4136) 
Empirical formula C124H118N4O13La2 C128H126N4O13La2 
Formula weight 2150.04 2206.15 
Temperature (K) 143(1) 143(1) 
Wavelength (Å) 0.71073 0.71073 
Crystal system triclinic triclinic 
Space group P1        P1        
Cell constants   
a (Å) 14.5830(15) 14.6813(6) 
b (Å) 14.7338(14) 15.1374(6) 
c (Å) 15.114(3) 15.2651(6) 
α (
o
) 116.959(6) 107.493(2) 
β (
o
) 106.538(7) 102.115(2) 
γ (
o
) 101.874(5) 116.239(2) 
V (Å
3
) 2552.9(6) 2659.03(18) 
Z 1 1 
ρcalc (mg/cm
3
) 1.398 1.378 
µ (Mo Kα) (mm
–1
) 0.893 0.859 
F(000) 1108 1140 
Crystal size (mm
3
) 0.24 x 0.14 x 0.09 0.18 x 0.18 x 0.10  
Theta range for data 
collection 
1.58 to 27.57° 1.53 to 27.58° 
Index ranges 
-18 ≤ h ≤ 18, -19 ≤ k ≤ 19, -19 
≤ l ≤ 19 
-19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -19 
≤ l ≤ 19 
Reflections collected 105920 60050 
Independent collections 22963 [R(int) = 0.0224] 21712 [R(int) = 0.0245] 










Max and min. transmission 0.7456 and 0.6883 0.7456 and 0.6713 
Refinement method 








Data / restraints / parameters 22963 / 8 / 1239 21712 / 137 / 1343 
Goodness–of–fit on F
2
 1.029 1.033 
Final R indices [I>2sigma(I)] R1 = 0.0251, wR2 = 0.0628 R1 = 0.0249, wR2 = 0.0567 
R indices (all data) R1 = 0.0275, wR2 = 0.0643 R1 = 0.0302, wR2 = 0.0587 




0.789 and -0.523 1.353 and -0.363  
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Table 8.4.10. Bond lengths for compound 8.1–La (Å). 
La1-O2#1  2.3996(15) La1-O2#2  2.3996(15) La1-O2  2.3996(15) 
La1-O1  2.4154(14) La1-O1#2  2.4154(14) La1-O1#1  2.4154(14) 
O1-C1  1.320(2) O2-C20  1.330(2) C1-C10  1.395(3) 
C1-C2  1.430(3) C2-C3  1.359(3) C3-C4  1.420(3) 
C4-C9  1.410(3) C4-C5  1.417(3) C5-C6  1.361(4) 
C6-C7  1.370(4) C7-C8  1.379(3) C8-C9  1.427(3) 
C9-C10  1.431(3) C10-C11  1.486(3) C11-C20  1.392(3) 
C11-C12  1.435(3) C12-C13  1.417(3) C12-C17  1.425(3) 
C13-C14  1.367(3) C14-C15  1.420(4) C15-C16  1.367(4) 
C16-C17  1.403(3) C17-C18  1.418(4) C18-C19  1.362(4) 
C19-C20  1.429(3) N1-C21  1.306(3) N2-C21  1.328(3) 
N2-C23  1.450(3) N2-C22  1.469(3) N3-C21  1.352(3) 
N3-C25  1.436(4) N3-C24  1.471(3)   
 
Table 8.4.11 Bond angles for compound 8.1–La (
o
). 
O2#1-La1-O2#2 94.54(5) O2#1-La1-O2 94.54(5) O2#2-La1-O2 94.54(5) 
O2#1-La1-O1 162.12(5) O2#2-La1-O1 101.34(5) O2-La1-O1 76.20(4) 
O2#1-La1-O1#2 101.34(5) O2#2-La1-O1#2 76.21(4) O2-La1-O1#2 162.12(5) 
O1-La1-O1#2 90.47(4) O2#1-La1-O1#1 76.20(4) O2#2-La1-O1#1 162.12(4) 
O2-La1-O1#1 101.34(5) O1-La1-O1#1 90.47(4) O1#2-La1-O1#1 90.47(4) 
C1-O1-La1 117.69(12) C20-O2-La1 122.63(12) O1-C1-C10 122.36(17) 
O1-C1-C2 118.62(18) C10-C1-C2 118.99(19) C3-C2-C1 121.3(2) 
C2-C3-C4 121.1(2) C9-C4-C5 119.3(2) C9-C4-C3 118.28(19) 
C5-C4-C3 122.3(2) C6-C5-C4 121.3(2) C5-C6-C7 120.2(2) 
C6-C7-C8 120.7(3) C7-C8-C9 121.1(2) C4-C9-C8 117.3(2) 
C4-C9-C10 120.7(2) C8-C9-C10 122.0(2) C1-C10-C9 119.47(18) 
C1-C10-C11 119.07(17) C9-C10-C11 121.44(18) C20-C11-C12 119.46(19) 
C20-C11-C10 119.18(18) C12-C11-C10 121.31(18) C13-C12-C17 116.35(19) 
C13-C12-C11 122.91(19) C17-C12-C11 120.7(2) C14-C13-C12 123.2(2) 
C13-C14-C15 119.6(2) C16-C15-C14 118.7(2) C15-C16-C17 122.4(3) 
C16-C17-C18 122.2(2) C16-C17-C12 119.8(2) C18-C17-C12 118.0(2) 
C19-C18-C17 120.9(2) C18-C19-C20 122.0(2) O2-C20-C11 122.50(19) 
O2-C20-C19 118.55(19) C11-C20-C19 118.9(2) C21-N2-C23 122.6(2) 
C21-N2-C22 119.31(18) C23-N2-C22 113.5(2) C21-N3-C25 120.7(2) 
C21-N3-C24 121.0(2) C25-N3-C24 114.9(2) N1-C21-N2 120.9(2) 
N1-C21-N3 119.5(2) N2-C21-N3 119.60(19)   
 
Table 8.4.12. Bond lengths for compound 8.1–Eu (Å). 
Eu1-O3  2.300(4) Eu1-O1  2.303(3) Eu1-O4  2.306(3) 
Eu1-O5  2.308(4) Eu1-O2  2.309(3) Eu1-O6  2.324(4) 
Eu1-C60  3.141(5) Eu1-C40  3.181(5) Eu1-C20  3.187(5) 
Eu1-C1  3.219(5) Eu1-C21  3.236(5) Eu1-C41  3.255(5) 
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O1-C1  1.325(6) O2-C20  1.343(6) O3-C21  1.329(6) 
O4-C40  1.329(6) O5-C41  1.323(7) O6-C60  1.336(6) 
C1-C10  1.394(7) C1-C2  1.430(7) C2-C3  1.360(9) 
C3-C4  1.376(9) C4-C5  1.419(8) C4-C9  1.442(8) 
C5-C6  1.386(11) C6-C7  1.384(11) C7-C8  1.382(8) 
C8-C9  1.414(8) C9-C10  1.417(7) C10-C11  1.511(7) 
C11-C20  1.383(7) C11-C12  1.432(7) C12-C13  1.405(7) 
C12-C17  1.439(7) C13-C14  1.357(8) C14-C15  1.405(9) 
C15-C16  1.348(9) C16-C17  1.416(8) C17-C18  1.430(8) 
C18-C19  1.372(8) C19-C20  1.406(7) C21-C30  1.400(7) 
C21-C22  1.420(7) C22-C23  1.353(9) C23-C24  1.383(10) 
C24-C25  1.394(9) C24-C29  1.438(9) C25-C26  1.388(14) 
C26-C27  1.411(13) C27-C28  1.352(8) C28-C29  1.432(9) 
C29-C30  1.415(7) C30-C31  1.492(7) C31-C40  1.415(7) 
C31-C32  1.429(7) C32-C33  1.415(7) C32-C37  1.429(8) 
C33-C34  1.379(8) C34-C35  1.387(11) C35-C36  1.379(11) 
C36-C37  1.405(9) C37-C38  1.395(9) C38-C39  1.371(8) 
C39-C40  1.403(7) C41-C50  1.405(8) C41-C42  1.417(7) 
C42-C43  1.359(10) C43-C44  1.415(12) C44-C45  1.389(11) 
C44-C49  1.417(9) C45-C46  1.359(15) C46-C47  1.388(17) 
C47-C48  1.395(10) C48-C49  1.408(10) C49-C50  1.452(8) 
C50-C51  1.471(7) C51-C60  1.408(7) C51-C52  1.443(7) 
C52-C57  1.410(8) C52-C53  1.424(8) C53-C54  1.358(8) 
C54-C55  1.396(11) C55-C56  1.378(11) C56-C57  1.423(9) 
C57-C58  1.401(9) C58-C59  1.337(9) C59-C60  1.436(7) 
N1-C61  1.299(7) N2-C61  1.345(7) N2-C63  1.454(7) 
N2-C62  1.456(8) N3-C61  1.364(7) N3-C65  1.450(8) 
N3-C64  1.473(8) N4-C66  1.298(7) N5-C66  1.345(7) 
N5-C67  1.464(8) N5-C68  1.482(8) N6-C66  1.351(7) 
N6-C70  1.448(7) N6-C69  1.450(7) N7-C71  1.305(7) 
N8-C71  1.330(7) N8-C75  1.444(7) N8-C74  1.472(7) 
N9-C71  1.342(7) N9-C73  1.452(8) N9-C72  1.487(8) 
Eu1'-O5'  2.289(3) Eu1'-O1'  2.298(4) Eu1'-O3'  2.305(4) 
Eu1'-O4'  2.320(4) Eu1'-O2'  2.324(3) Eu1'-O6'  2.328(3) 
Eu1'-C40'  3.127(5) Eu1'-C60'  3.168(5) Eu1'-C20'  3.169(5) 
Eu1'-C21'  3.249(5) Eu1'-C1'  3.251(5) Eu1'-C41'  3.265(5) 
O1'-C1'  1.318(6) O2'-C20'  1.352(6) O3'-C21'  1.330(7) 
O4'-C40'  1.320(6) O5'-C41'  1.330(6) O6'-C60'  1.319(6) 
C1'-C10'  1.402(7) C1'-C2'  1.414(7) C2'-C3'  1.374(8) 
C3'-C4'  1.360(9) C4'-C9'  1.431(8) C4'-C5'  1.456(8) 
C5'-C6'  1.354(10) C6'-C7'  1.436(10) C7'-C8'  1.373(8) 
C8'-C9'  1.421(8) C9'-C10'  1.415(8) C10'-C11'  1.521(7) 
C11'-C20'  1.377(8) C11'-C12'  1.416(7) C12'-C17'  1.394(8) 
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C12'-C13'  1.432(8) C13'-C14'  1.369(8) C14'-C15'  1.402(11) 
C15'-C16'  1.361(11) C16'-C17'  1.470(9) C17'-C18'  1.386(10) 
C18'-C19'  1.358(9) C19'-C20'  1.421(8) C21'-C30'  1.375(8) 
C21'-C22'  1.433(8) C22'-C23'  1.400(9) C23'-C24'  1.388(9) 
C24'-C25'  1.411(9) C24'-C29'  1.430(8) C25'-C26'  1.343(11) 
C26'-C27'  1.396(11) C27'-C28'  1.381(9) C28'-C29'  1.428(8) 
C29'-C30'  1.420(7) C30'-C31'  1.515(7) C31'-C40'  1.412(7) 
C31'-C32'  1.425(7) C32'-C33'  1.427(8) C32'-C37'  1.426(8) 
C33'-C34'  1.337(9) C34'-C35'  1.453(11) C35'-C36'  1.346(11) 
C36'-C37'  1.427(10) C37'-C38'  1.395(10) C38'-C39'  1.350(9) 
C39'-C40'  1.412(7) C41'-C50'  1.411(7) C41'-C42'  1.428(7) 
C42'-C43'  1.358(8) C43'-C44'  1.405(9) C44'-C49'  1.435(7) 
C44'-C45'  1.440(7) C45'-C46'  1.392(10) C46'-C47'  1.375(10) 
C47'-C48'  1.366(8) C48'-C49'  1.424(8) C49'-C50'  1.434(7) 
C50'-C51'  1.483(7) C51'-C60'  1.400(7) C51'-C52'  1.441(7) 
C52'-C53'  1.423(8) C52'-C57'  1.429(7) C53'-C54'  1.349(7) 
C54'-C55'  1.389(9) C55'-C56'  1.360(10) C56'-C57'  1.436(8) 
C57'-C58'  1.391(7) C58'-C59'  1.367(7) C59'-C60'  1.417(7) 
N1'-C61'  1.309(7) N2'-C61'  1.308(7) N2'-C64'  1.467(7) 
N2'-C65'  1.489(8) N3'-C61'  1.365(7) N3'-C62'  1.465(7) 
N3'-C63'  1.507(7) N4'-C66'  1.328(7) N5'-C66'  1.347(8) 
N5'-C68'  1.454(8) N5'-C67'  1.461(9) N6'-C66'  1.328(7) 
N6'-C69'  1.450(8) N6'-C70'  1.474(8) N7'-C71'  1.295(7) 
N8'-C71'  1.343(7) N8'-C75'  1.439(8) N8'-C74'  1.485(8) 
N9'-C71'  1.358(7) N9'-C72'  1.457(7) N9'-C73'  1.468(7) 
O7-C79  1.426(11) O7-C76  1.476(11) C76-C77  1.487(13) 
C77-C78  1.503(14) C78-C79  1.474(14)   
 
Table 8.4.13 Bond angles for compound 8.1–Eu (
o
). 
O3-Eu1-O1 92.36(13) O3-Eu1-O4 76.80(12) O1-Eu1-O4 165.93(13) 
O3-Eu1-O5 94.17(14) O1-Eu1-O5 91.03(13) O4-Eu1-O5 98.58(12) 
O3-Eu1-O2 99.71(13) O1-Eu1-O2 77.59(12) O4-Eu1-O2 95.21(12) 
O5-Eu1-O2 162.33(13) O3-Eu1-O6 166.42(13) O1-Eu1-O6 97.95(13) 
O4-Eu1-O6 94.23(12) O5-Eu1-O6 76.91(13) O2-Eu1-O6 91.16(13) 
O3-Eu1-C60 143.88(13) O1-Eu1-C60 115.74(14) O4-Eu1-C60 77.85(12) 
O5-Eu1-C60 64.79(12) O2-Eu1-C60 107.84(12) O6-Eu1-C60 22.57(13) 
O3-Eu1-C40 64.99(12) O1-Eu1-C40 144.88(13) O4-Eu1-C40 21.28(11) 
O5-Eu1-C40 115.85(13) O2-Eu1-C40 80.21(12) O6-Eu1-C40 109.42(13) 
C60-Eu1-C40 96.79(13) O3-Eu1-C20 116.50(13) O1-Eu1-C20 65.33(12) 
O4-Eu1-C20 111.28(12) O5-Eu1-C20 140.77(13) O2-Eu1-C20 21.57(12) 
O6-Eu1-C20 76.10(12) C60-Eu1-C20 96.51(13) C40-Eu1-C20 99.76(12) 
O3-Eu1-C1 80.48(12) O1-Eu1-C1 20.25(14) O4-Eu1-C1 145.97(12) 
O5-Eu1-C1 108.09(13) O2-Eu1-C1 64.02(13) O6-Eu1-C1 111.85(12) 
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C60-Eu1-C1 132.56(13) C40-Eu1-C1 124.72(12) C20-Eu1-C1 58.15(13) 
O3-Eu1-C21 19.92(12) O1-Eu1-C21 108.22(12) O4-Eu1-C21 63.43(12) 
O5-Eu1-C21 82.00(12) O2-Eu1-C21 114.23(12) O6-Eu1-C21 146.52(12) 
C60-Eu1-C21 123.97(12) C40-Eu1-C21 57.90(12) C20-Eu1-C21 133.71(12) 
C1-Eu1-C21 99.22(12) O3-Eu1-C41 110.22(14) O1-Eu1-C41 79.80(13) 
O4-Eu1-C41 112.17(12) O5-Eu1-C41 19.41(13) O2-Eu1-C41 142.96(13) 
O6-Eu1-C41 63.40(13) C60-Eu1-C41 57.72(13) C40-Eu1-C41 131.91(12) 
C20-Eu1-C41 121.39(13) C1-Eu1-C41 99.28(13) C21-Eu1-C41 100.53(13) 
C1-O1-Eu1 122.8(3) C20-O2-Eu1 119.2(3) C21-O3-Eu1 123.9(3) 
C40-O4-Eu1 119.7(3) C41-O5-Eu1 125.1(3) C60-O6-Eu1 115.6(3) 
O1-C1-C10 122.6(4) O1-C1-C2 118.3(5) C10-C1-C2 119.1(5) 
O1-C1-Eu1 37.0(2) C10-C1-Eu1 110.8(3) C2-C1-Eu1 116.4(3) 
C3-C2-C1 120.3(5) C2-C3-C4 122.2(5) C3-C4-C5 121.9(6) 
C3-C4-C9 119.2(5) C5-C4-C9 118.8(6) C6-C5-C4 121.7(6) 
C7-C6-C5 118.6(6) C6-C7-C8 122.2(7) C7-C8-C9 120.7(6) 
C8-C9-C10 123.5(5) C8-C9-C4 117.8(5) C10-C9-C4 118.7(5) 
C1-C10-C9 120.4(5) C1-C10-C11 118.7(4) C9-C10-C11 120.9(5) 
C20-C11-C12 119.8(4) C20-C11-C10 119.4(4) C12-C11-C10 120.7(4) 
C13-C12-C11 124.1(5) C13-C12-C17 116.7(5) C11-C12-C17 119.1(4) 
C14-C13-C12 121.7(5) C13-C14-C15 121.6(5) C16-C15-C14 118.8(5) 
C15-C16-C17 121.7(6) C16-C17-C18 121.3(5) C16-C17-C12 119.3(5) 
C18-C17-C12 119.3(5) C19-C18-C17 119.0(5) C18-C19-C20 122.5(5) 
O2-C20-C11 121.5(4) O2-C20-C19 118.4(4) C11-C20-C19 120.1(5) 
O2-C20-Eu1 39.2(2) C11-C20-Eu1 110.9(3) C19-C20-Eu1 114.2(3) 
O3-C21-C30 122.7(4) O3-C21-C22 118.0(5) C30-C21-C22 119.3(5) 
O3-C21-Eu1 36.1(2) C30-C21-Eu1 111.3(3) C22-C21-Eu1 117.2(4) 
C23-C22-C21 121.3(6) C22-C23-C24 121.5(6) C23-C24-C25 122.1(7) 
C23-C24-C29 118.8(5) C25-C24-C29 119.1(7) C24-C25-C26 122.0(8) 
C25-C26-C27 119.3(7) C28-C27-C26 120.1(8) C27-C28-C29 122.6(7) 
C30-C29-C28 123.1(5) C30-C29-C24 119.8(6) C28-C29-C24 117.0(5) 
C21-C30-C29 119.1(5) C21-C30-C31 118.4(4) C29-C30-C31 122.5(5) 
C40-C31-C32 118.6(4) C40-C31-C30 119.2(4) C32-C31-C30 122.2(4) 
C33-C32-C37 117.2(5) C33-C32-C31 122.3(5) C37-C32-C31 120.5(5) 
C34-C33-C32 120.8(6) C33-C34-C35 121.6(6) C36-C35-C34 119.3(6) 
C35-C36-C37 120.7(6) C38-C37-C36 121.3(6) C38-C37-C32 118.4(5) 
C36-C37-C32 120.2(6) C39-C38-C37 121.5(5) C38-C39-C40 121.3(5) 
O4-C40-C39 118.9(5) O4-C40-C31 121.4(4) C39-C40-C31 119.7(5) 
O4-C40-Eu1 39.0(2) C39-C40-Eu1 113.5(3) C31-C40-Eu1 111.3(3) 
O5-C41-C50 121.3(4) O5-C41-C42 119.8(5) C50-C41-C42 118.8(5) 
O5-C41-Eu1 35.4(2) C50-C41-Eu1 109.8(3) C42-C41-Eu1 117.6(4) 
C43-C42-C41 121.9(7) C42-C43-C44 121.6(6) C45-C44-C43 121.6(8) 
C45-C44-C49 120.2(9) C43-C44-C49 118.2(6) C46-C45-C44 121.6(9) 
C45-C46-C47 119.4(8) C46-C47-C48 120.8(11) C47-C48-C49 120.1(9) 
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C48-C49-C44 117.7(6) C48-C49-C50 122.1(6) C44-C49-C50 120.1(7) 
C41-C50-C49 119.3(5) C41-C50-C51 119.3(5) C49-C50-C51 121.4(5) 
C60-C51-C52 118.3(4) C60-C51-C50 118.3(4) C52-C51-C50 123.1(4) 
C57-C52-C53 118.8(5) C57-C52-C51 120.3(5) C53-C52-C51 120.9(5) 
C54-C53-C52 121.0(6) C53-C54-C55 119.7(6) C56-C55-C54 122.1(7) 
C55-C56-C57 118.6(7) C58-C57-C52 119.2(5) C58-C57-C56 121.1(6) 
C52-C57-C56 119.7(6) C59-C58-C57 121.5(5) C58-C59-C60 121.5(5) 
O6-C60-C51 122.4(4) O6-C60-C59 118.4(5) C51-C60-C59 119.1(5) 
O6-C60-Eu1 41.9(2) C51-C60-Eu1 112.7(3) C59-C60-Eu1 108.5(3) 
C61-N2-C63 121.3(5) C61-N2-C62 119.0(5) C63-N2-C62 115.4(5) 
C61-N3-C65 121.1(6) C61-N3-C64 118.0(5) C65-N3-C64 115.1(6) 
N1-C61-N2 121.2(5) N1-C61-N3 120.0(5) N2-C61-N3 118.8(5) 
C66-N5-C67 119.0(5) C66-N5-C68 119.6(5) C67-N5-C68 115.1(5) 
C66-N6-C70 122.4(5) C66-N6-C69 118.5(5) C70-N6-C69 115.4(5) 
N4-C66-N5 121.0(5) N4-C66-N6 120.8(5) N5-C66-N6 118.2(5) 
C71-N8-C75 122.9(5) C71-N8-C74 119.7(5) C75-N8-C74 114.2(5) 
C71-N9-C73 122.0(5) C71-N9-C72 118.2(5) C73-N9-C72 113.3(5) 
N7-C71-N8 120.0(5) N7-C71-N9 121.8(5) N8-C71-N9 118.2(5) 
O5'-Eu1'-O1' 91.65(12) O5'-Eu1'-O3' 95.15(13) O1'-Eu1'-O3' 90.70(14) 
O5'-Eu1'-O4' 101.06(13) O1'-Eu1'-O4' 162.77(12) O3'-Eu1'-O4' 76.72(13) 
O5'-Eu1'-O2' 162.01(13) O1'-Eu1'-O2' 77.24(12) O3'-Eu1'-O2' 99.04(13) 
O4'-Eu1'-O2' 92.96(12) O5'-Eu1'-O6' 75.89(12) O1'-Eu1'-O6' 102.24(12) 
O3'-Eu1'-O6' 164.32(14) O4'-Eu1'-O6' 92.20(13) O2'-Eu1'-O6' 92.49(12) 
O5'-Eu1'-C40' 120.03(14) O1'-Eu1'-C40' 140.67(13) O3'-Eu1'-C40' 65.60(13) 
O4'-Eu1'-C40' 22.36(13) O2'-Eu1'-C40' 76.28(13) O6'-Eu1'-C40' 107.44(13) 
O5'-Eu1'-C60' 64.47(12) O1'-Eu1'-C60' 119.13(13) O3'-Eu1'-C60' 142.74(14) 
O4'-Eu1'-C60' 77.24(13) O2'-Eu1'-C60' 108.48(12) O6'-Eu1'-C60' 21.58(13) 
C40'-Eu1'-C60' 96.68(13) O5'-Eu1'-C20' 139.61(13) O1'-Eu1'-C20' 65.95(13) 
O3'-Eu1'-C20' 117.11(14) O4'-Eu1'-C20' 109.16(13) O2'-Eu1'-C20' 22.42(12) 
O6'-Eu1'-C20' 76.79(13) C40'-Eu1'-C20' 96.27(13) C60'-Eu1'-C20' 96.42(13) 
O5'-Eu1'-C21' 84.93(13) O1'-Eu1'-C21' 107.77(13) O3'-Eu1'-C21' 19.68(14) 
O4'-Eu1'-C21' 62.43(13) O2'-Eu1'-C21' 111.79(12) O6'-Eu1'-C21' 144.67(13) 
C40'-Eu1'-C21' 57.72(13) C60'-Eu1'-C21' 123.13(14) C20'-Eu1'-C21' 132.70(13) 
O5'-Eu1'-C1' 108.80(12) O1'-Eu1'-C1' 19.18(12) O3'-Eu1'-C1' 80.88(13) 
O4'-Eu1'-C1' 143.97(12) O2'-Eu1'-C1' 63.06(12) O6'-Eu1'-C1' 114.02(12) 
C40'-Eu1'-C1' 121.64(13) C60'-Eu1'-C1' 133.91(13) C20'-Eu1'-C1' 57.89(13) 
C21'-Eu1'-C1' 100.08(13) O5'-Eu1'-C41' 19.00(13) O1'-Eu1'-C41' 81.67(12) 
O3'-Eu1'-C41' 111.26(13) O4'-Eu1'-C41' 113.69(12) O2'-Eu1'-C41' 143.08(12) 
O6'-Eu1'-C41' 62.80(12) C40'-Eu1'-C41' 135.06(13) C60'-Eu1'-C41' 57.47(12) 
C20'-Eu1'-C41' 120.66(13) C21'-Eu1'-C41' 103.34(13) C1'-Eu1'-C41' 100.57(12) 
C1'-O1'-Eu1' 125.9(3) C20'-O2'-Eu1' 116.6(3) C21'-O3'-Eu1' 124.6(3) 
C40'-O4'-Eu1' 115.7(3) C41'-O5'-Eu1' 126.9(3) C60'-O6'-Eu1' 117.9(3) 
O1'-C1'-C10' 122.9(4) O1'-C1'-C2' 119.5(5) C10'-C1'-C2' 117.5(5) 
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O1'-C1'-Eu1' 35.0(2) C10'-C1'-Eu1' 111.0(3) C2'-C1'-Eu1' 119.7(3) 
C3'-C2'-C1' 122.4(5) C4'-C3'-C2' 120.1(5) C3'-C4'-C9' 120.8(5) 
C3'-C4'-C5' 121.7(5) C9'-C4'-C5' 117.5(5) C6'-C5'-C4' 122.0(6) 
C5'-C6'-C7' 120.5(6) C8'-C7'-C6' 118.5(6) C7'-C8'-C9' 123.2(6) 
C10'-C9'-C8' 123.3(5) C10'-C9'-C4' 118.3(5) C8'-C9'-C4' 118.3(5) 
C1'-C10'-C9' 120.8(5) C1'-C10'-C11' 118.1(4) C9'-C10'-C11' 121.1(5) 
C20'-C11'-C12' 119.0(5) C20'-C11'-C10' 118.9(5) C12'-C11'-C10' 122.0(5) 
C17'-C12'-C11' 120.1(5) C17'-C12'-C13' 117.9(5) C11'-C12'-C13' 121.9(5) 
C14'-C13'-C12' 121.3(6) C13'-C14'-C15' 121.7(7) C16'-C15'-C14' 119.0(6) 
C15'-C16'-C17' 120.9(6) C18'-C17'-C12' 120.8(6) C18'-C17'-C16' 120.0(6) 
C12'-C17'-C16' 119.2(6) C19'-C18'-C17' 118.7(5) C18'-C19'-C20' 122.3(6) 
O2'-C20'-C11' 122.6(5) O2'-C20'-C19' 118.4(5) C11'-C20'-C19' 118.9(5) 
O2'-C20'-Eu1' 40.9(2) C11'-C20'-Eu1' 111.0(3) C19'-C20'-Eu1' 112.1(4) 
O3'-C21'-C30' 122.8(5) O3'-C21'-C22' 118.2(5) C30'-C21'-C22' 119.0(5) 
O3'-C21'-Eu1' 35.7(2) C30'-C21'-Eu1' 111.9(3) C22'-C21'-Eu1' 117.1(4) 
C23'-C22'-C21' 119.4(5) C24'-C23'-C22' 122.6(5) C23'-C24'-C25' 123.7(6) 
C23'-C24'-C29' 117.6(5) C25'-C24'-C29' 118.7(6) C26'-C25'-C24' 123.8(6) 
C25'-C26'-C27' 118.2(6) C28'-C27'-C26' 121.2(7) C27'-C28'-C29' 121.4(6) 
C30'-C29'-C28' 123.3(5) C30'-C29'-C24' 120.2(5) C28'-C29'-C24' 116.4(5) 
C21'-C30'-C29' 121.2(5) C21'-C30'-C31' 118.0(5) C29'-C30'-C31' 120.8(5) 
C40'-C31'-C32' 119.3(5) C40'-C31'-C30' 118.3(4) C32'-C31'-C30' 122.3(5) 
C33'-C32'-C31' 123.1(5) C33'-C32'-C37' 116.7(5) C31'-C32'-C37' 120.1(5) 
C34'-C33'-C32' 123.0(6) C33'-C34'-C35' 120.1(7) C36'-C35'-C34' 118.6(6) 
C35'-C36'-C37' 122.0(7) C38'-C37'-C32' 118.6(6) C38'-C37'-C36' 121.7(6) 
C32'-C37'-C36' 119.5(7) C39'-C38'-C37' 120.9(5) C38'-C39'-C40' 122.8(6) 
O4'-C40'-C31' 122.3(5) O4'-C40'-C39' 119.7(5) C31'-C40'-C39' 118.0(5) 
O4'-C40'-Eu1' 42.0(2) C31'-C40'-Eu1' 112.0(3) C39'-C40'-Eu1' 112.8(4) 
O5'-C41'-C50' 121.8(4) O5'-C41'-C42' 119.3(4) C50'-C41'-C42' 118.9(5) 
O5'-C41'-Eu1' 34.1(2) C50'-C41'-Eu1' 110.9(3) C42'-C41'-Eu1' 119.3(3) 
C43'-C42'-C41' 121.5(5) C42'-C43'-C44' 121.4(5) C43'-C44'-C49' 119.1(5) 
C43'-C44'-C45' 120.9(5) C49'-C44'-C45' 120.0(5) C46'-C45'-C44' 118.9(6) 
C47'-C46'-C45' 120.5(6) C48'-C47'-C46' 122.2(6) C47'-C48'-C49' 121.0(6) 
C48'-C49'-C50' 123.3(5) C48'-C49'-C44' 117.3(5) C50'-C49'-C44' 119.4(5) 
C41'-C50'-C49' 119.7(5) C41'-C50'-C51' 118.5(4) C49'-C50'-C51' 121.8(4) 
C60'-C51'-C52' 118.5(4) C60'-C51'-C50' 119.4(4) C52'-C51'-C50' 122.0(4) 
C53'-C52'-C57' 117.0(5) C53'-C52'-C51' 122.6(5) C57'-C52'-C51' 120.3(5) 
C54'-C53'-C52' 121.3(5) C53'-C54'-C55' 122.3(6) C56'-C55'-C54' 119.1(5) 
C55'-C56'-C57' 121.1(5) C58'-C57'-C52' 118.2(5) C58'-C57'-C56' 122.7(5) 
C52'-C57'-C56' 119.0(5) C59'-C58'-C57' 122.3(5) C58'-C59'-C60' 120.5(5) 
O6'-C60'-C51' 122.2(4) O6'-C60'-C59' 117.7(4) C51'-C60'-C59' 120.1(5) 
O6'-C60'-Eu1' 40.5(2) C51'-C60'-Eu1' 112.4(3) C59'-C60'-Eu1' 112.8(3) 
C61'-N2'-C64' 120.3(5) C61'-N2'-C65' 122.1(5) C64'-N2'-C65' 113.9(5) 
C61'-N3'-C62' 119.3(5) C61'-N3'-C63' 118.4(5) C62'-N3'-C63' 115.3(5) 
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N2'-C61'-N1' 121.6(5) N2'-C61'-N3' 120.1(5) N1'-C61'-N3' 118.3(5) 
C66'-N5'-C68' 117.2(5) C66'-N5'-C67' 120.6(5) C68'-N5'-C67' 115.8(6) 
C66'-N5'-C68' 117.2(5) C66'-N5'-C67' 120.6(5) C68'-N5'-C67' 115.8(6) 
C66'-N6'-C69' 120.9(5) C66'-N6'-C70' 119.8(5) C69'-N6'-C70' 115.5(5) 
N4'-C66'-N6' 119.0(5) N4'-C66'-N5' 119.0(5) N6'-C66'-N5' 122.0(5) 
C71'-N8'-C75' 120.2(5) C71'-N8'-C74' 117.5(5) C75'-N8'-C74' 115.6(5) 
C71'-N9'-C72' 119.6(5) C71'-N9'-C73' 120.9(5) C72'-N9'-C73' 114.0(5) 
N7'-C71'-N8' 119.5(5) N7'-C71'-N9' 120.8(5) N8'-C71'-N9' 119.8(5) 
C79-O7-C76 106.5(10) O7-C76-C77 110.6(9) C76-C77-C78 100.5(10) 
C79-C78-C77 107.8(11) O7-C79-C78 105.4(11)   
 
Table 8.4.14. Bond lengths for compound 8.1–Yb (Å). 
Yb1-O2#1  2.208(4) Yb1-O2#2  2.208(4) Yb1-O2  2.208(4) 
Yb1-O1#1  2.229(4) Yb1-O1  2.229(4) Yb1-O1#2  2.229(4) 
Yb1-C1#1  3.080(6) Yb1-C1  3.080(6) Yb1-C1#2  3.080(6) 
Yb1-C20#1  3.129(6) Yb1-C20  3.129(6) Yb1-C20#2  3.129(6) 
O1-C1  1.329(7) O2-C20  1.331(8) C1-C2  1.404(8) 
C1-C10  1.417(8) C2-C3  1.372(9) C3-C4  1.405(11) 
C4-C9  1.416(10) C4-C5  1.454(9) C5-C6  1.379(13) 
C6-C7  1.343(13) C7-C8  1.395(10) C8-C9  1.439(9) 
C9-C10  1.414(8) C10-C11  1.495(8) C11-C20  1.405(9) 
C11-C12  1.421(9) C12-C17  1.409(10) C12-C13  1.432(9) 
C13-C14  1.369(9) C14-C15  1.384(12) C15-C16  1.363(13) 
C16-C17  1.441(11) C17-C18  1.428(12) C18-C19  1.386(11) 
C19-C20  1.417(9) N1-C21  1.310(8) N2-C21  1.332(9) 
N2-C22  1.445(9) N2-C23  1.480(8) N3-C21  1.346(8) 
N3-C24  1.442(9) N3-C25  1.460(10) C26-Cl1  1.756(9) 
C26-Cl2  1.774(9)     
 
Table 8.4.15 Bond angles for compound 8.1–Yb (
o
). 
O2#1-Yb1-O2#2 91.93(15) O2#1-Yb1-O2 91.93(15) O2#2-Yb1-O2 91.93(15) 
O2#1-Yb1-O1#1 81.06(14) O2#2-Yb1-O1#1 167.01(15) O2-Yb1-O1#1 99.19(15) 
O2#1-Yb1-O1 167.01(15) O2#2-Yb1-O1 99.19(15) O2-Yb1-O1 81.06(14) 
O1#1-Yb1-O1 89.23(14) O2#1-Yb1-O1#2 99.19(15) O2#2-Yb1-O1#2 81.06(14) 
O2-Yb1-O1#2 167.01(15) O1#1-Yb1-O1#2 89.23(13) O1-Yb1-O1#2 89.23(13) 
O2#1-Yb1-C1#1 68.55(15) O2#2-Yb1-C1#1 144.56(15) O2-Yb1-C1#1 117.04(15) 
O1#1-Yb1-C1#1 22.47(15) O1-Yb1-C1#1 104.86(15) O1#2-Yb1-C1#1 73.72(14) 
O2#1-Yb1-C1 144.56(15) O2#2-Yb1-C1 117.04(15) O2-Yb1-C1 68.55(15) 
O1#1-Yb1-C1 73.72(14) O1-Yb1-C1 22.47(15) O1#2-Yb1-C1 104.86(15) 
C1#1-Yb1-C1 93.58(15) O2#1-Yb1-C1#2 117.04(15) O2#2-Yb1-C1#2 68.55(15) 
O2-Yb1-C1#2 144.56(15) O1#1-Yb1-C1#2 104.86(15) O1-Yb1-C1#2 73.72(14) 
O1#2-Yb1-C1#2 22.47(15) C1#1-Yb1-C1#2 93.58(15) C1-Yb1-C1#2 93.58(15) 
O2#1-Yb1-C20#1 21.05(16) O2#2-Yb1-C20#1 109.61(16) O2-Yb1-C20#1 80.23(16) 
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O1#1-Yb1-C20#1 66.15(15) O1-Yb1-C20#1 145.96(16) O1#2-Yb1-C20#1 112.38(15) 
C1#1-Yb1-C20#1 60.26(16) C1-Yb1-C20#1 123.52(15) C1#2-Yb1-C20#1 133.40(15) 
O2#1-Yb1-C20 109.61(16) O2#2-Yb1-C20 80.23(16) O2-Yb1-C20 21.05(16) 
O1#1-Yb1-C20 112.38(15) O1-Yb1-C20 66.15(15) O1#2-Yb1-C20 145.96(16) 
C1#1-Yb1-C20 133.40(15) C1-Yb1-C20 60.26(16) C1#2-Yb1-C20 123.52(15) 
C20#1-Yb1-C20 100.63(14) O2#1-Yb1-C20#2 80.23(16) O2#2-Yb1-C20#2 21.05(16) 
O2-Yb1-C20#2 109.61(16) O1#1-Yb1-C20#2 145.96(16) O1-Yb1-C20#2 112.38(15) 
O1#2-Yb1-C20#2 66.15(15) C1#1-Yb1-C20#2 123.52(15) C1-Yb1-C20#2 133.40(15) 
C1#2-Yb1-C20#2 60.26(16) C20#1-Yb1-C20#2 100.63(14) C20-Yb1-C20#2 100.63(14) 
C1-O1-Yb1 117.7(3) C20-O2-Yb1 122.4(4) O1-C1-C2 119.6(5) 
O1-C1-C10 121.6(5) C2-C1-C10 118.8(5) O1-C1-Yb1 39.9(2) 
C2-C1-Yb1 115.5(4) C10-C1-Yb1 109.5(4) C3-C2-C1 121.9(6) 
C2-C3-C4 120.1(6) C3-C4-C9 119.6(6) C3-C4-C5 122.0(7) 
C9-C4-C5 118.4(7) C6-C5-C4 120.8(7) C7-C6-C5 120.0(6) 
C6-C7-C8 123.0(8) C7-C8-C9 119.4(8) C10-C9-C4 119.8(6) 
C10-C9-C8 121.8(6) C4-C9-C8 118.4(6) C9-C10-C1 119.7(6) 
C9-C10-C11 122.2(5) C1-C10-C11 118.1(5) C20-C11-C12 119.4(6) 
C20-C11-C10 118.7(5) C12-C11-C10 121.8(6) C17-C12-C11 121.0(6) 
C17-C12-C13 116.6(6) C11-C12-C13 122.4(6) C14-C13-C12 121.9(7) 
C13-C14-C15 120.7(7) C16-C15-C14 120.5(7) C15-C16-C17 120.0(8) 
C12-C17-C18 118.7(7) C12-C17-C16 120.2(8) C18-C17-C16 121.1(8) 
C19-C18-C17 120.1(7) C18-C19-C20 121.3(7) O2-C20-C11 122.4(6) 
O2-C20-C19 118.2(6) C11-C20-C19 119.4(6) O2-C20-Yb1 36.6(3) 
C11-C20-Yb1 109.7(4) C19-C20-Yb1 117.4(5) C21-N2-C22 119.5(5) 
C21-N2-C23 120.0(6) C22-N2-C23 114.2(6) C21-N3-C24 122.5(7) 
C21-N3-C25 120.0(6) C24-N3-C25 113.5(6) N1-C21-N2 119.8(6) 
N1-C21-N3 120.4(6) N2-C21-N3 119.8(6) Cl1-C26-Cl2 115.1(7) 
O2#1-Yb1-O2#2 91.93(15) O2#1-Yb1-O2 91.93(15) O2#2-Yb1-O2 91.93(15) 
O2#1-Yb1-O1#1 81.06(14) O2#2-Yb1-O1#1 167.01(15) O2-Yb1-O1#1 99.19(15) 
O2#1-Yb1-O1 167.01(15) O2#2-Yb1-O1 99.19(15) O2-Yb1-O1 81.06(14) 
O1#1-Yb1-O1 89.23(14) O2#1-Yb1-O1#2 99.19(15) O2#2-Yb1-O1#2 81.06(14) 
O2-Yb1-O1#2 167.01(15) O1#1-Yb1-O1#2 89.23(13) O1-Yb1-O1#2 89.23(13) 
O2#1-Yb1-C1#1 68.55(15) O2#2-Yb1-C1#1 144.56(15) O2-Yb1-C1#1 117.04(15) 
O1#1-Yb1-C1#1 22.47(15) O1-Yb1-C1#1 104.86(15) O1#2-Yb1-C1#1 73.72(14) 
O2#1-Yb1-C1 144.56(15) O2#2-Yb1-C1 117.04(15) O2-Yb1-C1 68.55(15) 
O1#1-Yb1-C1 73.72(14) O1-Yb1-C1 22.47(15) O1#2-Yb1-C1 104.86(15) 
C1#1-Yb1-C1 93.58(15) O2#1-Yb1-C1#2 117.04(15) O2#2-Yb1-C1#2 68.55(15) 
O2-Yb1-C1#2 144.56(15) O1#1-Yb1-C1#2 104.86(15) O1-Yb1-C1#2 73.72(14) 
O1#2-Yb1-C1#2 22.47(15) C1#1-Yb1-C1#2 93.58(15) C1-Yb1-C1#2 93.58(15) 
O2#1-Yb1-C20#1 21.05(16) O2#2-Yb1-C20#1 109.61(16) O2-Yb1-C20#1 80.23(16) 
O1#1-Yb1-C20#1 66.15(15) O1-Yb1-C20#1 145.96(16) O1#2-Yb1-C20#1 112.38(15) 
C1#1-Yb1-C20#1 60.26(16) C1-Yb1-C20#1 123.52(15) C1#2-Yb1-C20#1 133.40(15) 
O2#1-Yb1-C20 109.61(16) O2#2-Yb1-C20 80.23(16) O2-Yb1-C20 21.05(16) 
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O1#1-Yb1-C20 112.38(15) O1-Yb1-C20 66.15(15) O1#2-Yb1-C20 145.96(16) 
C1#1-Yb1-C20 133.40(15) C1-Yb1-C20 60.26(16) C1#2-Yb1-C20 123.52(15) 
C20#1-Yb1-C20 100.63(14) O2#1-Yb1-C20#2 80.23(16) O2#2-Yb1-C20#2 21.05(16) 
O2-Yb1-C20#2 109.61(16) O1#1-Yb1-C20#2 145.96(16) O1-Yb1-C20#2 112.38(15) 
O1#2-Yb1-C20#2 66.15(15) C1#1-Yb1-C20#2 123.52(15) C1-Yb1-C20#2 133.40(15) 
C1#2-Yb1-C20#2 60.26(16) C20#1-Yb1-C20#2 100.63(14) C20-Yb1-C20#2 100.63(14) 
C1-O1-Yb1 117.7(3) C20-O2-Yb1 122.4(4) O1-C1-C2 119.6(5) 
O1-C1-C10 121.6(5) C2-C1-C10 118.8(5) O1-C1-Yb1 39.9(2) 
C2-C1-Yb1 115.5(4) C10-C1-Yb1 109.5(4) C3-C2-C1 121.9(6) 
C2-C3-C4 120.1(6) C3-C4-C9 119.6(6) C3-C4-C5 122.0(7) 
C9-C4-C5 118.4(7) C6-C5-C4 120.8(7) C7-C6-C5 120.0(6) 
C6-C7-C8 123.0(8) C7-C8-C9 119.4(8) C10-C9-C4 119.8(6) 
C10-C9-C8 121.8(6) C4-C9-C8 118.4(6) C9-C10-C1 119.7(6) 
C9-C10-C11 122.2(5) C1-C10-C11 118.1(5) C20-C11-C12 119.4(6) 
C20-C11-C10 118.7(5) C12-C11-C10 121.8(6) C17-C12-C11 121.0(6) 
C17-C12-C13 116.6(6) C11-C12-C13 122.4(6) C14-C13-C12 121.9(7) 
C13-C14-C15 120.7(7) C16-C15-C14 120.5(7) C15-C16-C17 120.0(8) 
C12-C17-C18 118.7(7) C12-C17-C16 120.2(8) C18-C17-C16 121.1(8) 
C19-C18-C17 120.1(7) C18-C19-C20 121.3(7) O2-C20-C11 122.4(6) 
O2-C20-C19 118.2(6) C11-C20-C19 119.4(6) O2-C20-Yb1 36.6(3) 
C11-C20-Yb1 109.7(4) C19-C20-Yb1 117.4(5) C21-N2-C22 119.5(5) 
C21-N2-C23 120.0(6) C22-N2-C23 114.2(6) C21-N3-C24 122.5(7) 
C21-N3-C25 120.0(6) C24-N3-C25 113.5(6) N1-C21-N2 119.8(6) 
N1-C21-N3 120.4(6) N2-C21-N3 119.8(6) Cl1-C26-Cl2 115.1(7) 
 
Table 8.4.16. Bond lengths for compound 8.1–Y (Å). 
Y1-O2#1  2.2418(19) Y1-O2  2.2418(19) Y1-O2#2  2.2418(19) 
Y1-O1#1  2.2593(18) Y1-O1  2.2593(18) Y1-O1#2  2.2593(18) 
O1-C1  1.326(3) O2-C20  1.334(3) C1-C10  1.396(4) 
C1-C2  1.431(4) C2-C3  1.371(4) C3-C4  1.417(5) 
C4-C9  1.428(4) C4-C5  1.431(4) C5-C6  1.353(5) 
C6-C7  1.393(5) C7-C8  1.382(4) C8-C9  1.422(4) 
C9-C10  1.429(4) C10-C11  1.492(4) C11-C20  1.382(4) 
C11-C12  1.443(4) C12-C13  1.417(4) C12-C17  1.428(4) 
C13-C14  1.375(4) C14-C15  1.403(5) C15-C16  1.370(5) 
C16-C17  1.433(4) C17-C18  1.400(5) C18-C19  1.372(5) 
C19-C20  1.433(4) N1-C21  1.308(3) N2-C21  1.347(4) 
N2-C22  1.449(4) N2-C23  1.473(3) N3-C21  1.335(4) 
N3-C24  1.464(4) N3-C25  1.469(4)   
 
Table 8.4.17 Bond angles for compound 8.1–Y (
o
). 
O2#1-Y1-O2 92.61(7) O2#1-Y1-O2#2 92.61(7) O2-Y1-O2#2 92.61(7) 
O2#1-Y1-O1#1 80.00(6) O2-Y1-O1#1 165.57(6) O2#2-Y1-O1#1 100.05(6) 
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O2#1-Y1-O1 100.05(6) O2-Y1-O1 80.00(6) O2#2-Y1-O1 165.57(6) 
O1#1-Y1-O1 89.03(6) O2#1-Y1-O1#2 165.57(6) O2-Y1-O1#2 100.05(6) 
O2#2-Y1-O1#2 80.00(6) O1#1-Y1-O1#2 89.03(6) O1-Y1-O1#2 89.03(6) 
C1-O1-Y1 118.10(15) C20-O2-Y1 122.89(16) O1-C1-C10 122.9(2) 
O1-C1-C2 118.0(2) C10-C1-C2 119.1(2) C3-C2-C1 121.1(3) 
C2-C3-C4 120.9(3) C3-C4-C9 119.0(2) C3-C4-C5 122.3(3) 
C9-C4-C5 118.6(3) C6-C5-C4 121.8(3) C5-C6-C7 119.5(3) 
C8-C7-C6 121.8(3) C7-C8-C9 120.1(3) C8-C9-C4 118.2(3) 
C8-C9-C10 122.3(3) C4-C9-C10 119.5(3) C1-C10-C9 120.4(2) 
C1-C10-C11 118.1(2) C9-C10-C11 121.5(2) C20-C11-C12 119.7(3) 
C20-C11-C10 119.2(2) C12-C11-C10 121.0(2) C13-C12-C17 118.1(3) 
C13-C12-C11 122.3(3) C17-C12-C11 119.7(3) C14-C13-C12 121.1(3) 
C13-C14-C15 121.3(3) C16-C15-C14 119.2(3) C15-C16-C17 121.3(3) 
C18-C17-C12 119.3(3) C18-C17-C16 121.8(3) C12-C17-C16 118.9(3) 
C19-C18-C17 120.6(3) C18-C19-C20 121.5(3) O2-C20-C11 123.0(2) 
O2-C20-C19 117.7(2) C11-C20-C19 119.3(3) C21-N2-C22 119.9(2) 
C21-N2-C23 120.8(2) C22-N2-C23 113.9(2) C21-N3-C24 122.5(3) 
C21-N3-C25 119.6(2) C24-N3-C25 114.2(3) N1-C21-N3 120.9(3) 
N1-C21-N2 119.6(2) N3-C21-N2 119.5(2)   
 
Table 8.4.18. Bond lengths for compound 8.2–La (Å). 
La1-O2  2.353(5) La1-O6  2.394(5) La1-O4  2.395(5) 
La1-O5  2.404(5) La1-O3  2.408(4) La1-O1  2.424(5) 
O1-C1  1.353(5) O2-C20  1.337(8) O3-C21  1.360(5) 
O4-C40  1.342(6) O5-C41  1.351(5) O6-C60  1.343(7) 
C1-C2  1.3899 C1-C10  1.3899 C2-C3  1.3900 
C3-C4  1.3900 C4-C9  1.3900 C4-C5  1.3901 
C5-C6  1.3900 C6-C7  1.3901 C7-C8  1.3900 
C8-C9  1.3901 C9-C10  1.3899 C10-C11  1.557(4) 
C11-C12  1.3900 C11-C20  1.3900 C12-C13  1.3899 
C12-C17  1.3900 C13-C14  1.3899 C14-C15  1.3900 
C15-C16  1.3899 C16-C17  1.3900 C17-C18  1.3900 
C18-C19  1.3900 C19-C20  1.3900 C21-C30  1.3899 
C21-C22  1.3899 C22-C23  1.3900 C23-C24  1.3898 
C24-C25  1.3900 C24-C29  1.3900 C25-C26  1.3900 
C26-C27  1.3899 C27-C28  1.3902 C28-C29  1.3900 
C29-C30  1.3901 C30-C31  1.561(4) C31-C40  1.3900 
C31-C32  1.3901 C32-C33  1.3900 C32-C37  1.3901 
C33-C34  1.3901 C34-C35  1.3899 C35-C36  1.3900 
C36-C37  1.3899 C37-C38  1.3900 C38-C39  1.3899 
C39-C40  1.3900 C41-C42  1.3900 C41-C50  1.3900 
C42-C43  1.3900 C43-C44  1.3899 C44-C49  1.3901 
C44-C45  1.3902 C45-C46  1.3900 C46-C47  1.3899 
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C47-C48  1.3900 C48-C49  1.3898 C49-C50  1.3900 
C50-C51  1.566(4) C51-C60  1.3900 C51-C52  1.3901 
C52-C57  1.3900 C52-C53  1.3900 C53-C54  1.3901 
C54-C55  1.3900 C55-C56  1.3900 C56-C57  1.3902 
C57-C58  1.3899 C58-C59  1.3898 C59-C60  1.3899 
N1-C66  1.284(7) N1-C67  1.452(7) N2-C66  1.328(7) 
N2-C61  1.450(8) N2-C69  1.462(8) C61-C62  1.520(9) 
C62-C63  1.530(9) C63-C64  1.513(9) C64-C65  1.522(8) 
C65-C66  1.499(8) C67-C68  1.495(8) C68-C69  1.509(8) 
N3-C75  1.302(8) N3-C76  1.423(9) N4-C75  1.313(8) 
N4-C70  1.443(9) N4-C78  1.515(9) C70-C71  1.527(9) 
C71-C72  1.517(9) C72-C73  1.506(9) C73-C74  1.558(8) 
C74-C75  1.472(8) C76-C77  1.492(9) C77-C78  1.528(9) 
N5-C84  1.323(8) N5-C85  1.460(9) N6-C84  1.302(8) 
N6-C79  1.420(9) N6-C87  1.466(9) C79-C80  1.500(10) 
C80-C81  1.505(10) C81-C82  1.517(10) C82-C83  1.499(9) 
C83-C84  1.473(9) C85-C86  1.498(10) C86-C87  1.507(10) 
 
Table 8.4.19 Bond angles for compound 8.2–La (
o
). 
O2-La1-O6 96.70(19) O2-La1-O4 97.5(2) O6-La1-O4 97.21(19) 
O2-La1-O5 162.0(2) O6-La1-O5 76.24(17) O4-La1-O5 99.74(15) 
O2-La1-O3 102.34(17) O6-La1-O3 160.09(18) O4-La1-O3 74.74(14) 
O5-La1-O3 87.05(15) O2-La1-O1 77.54(19) O6-La1-O1 103.44(18) 
O4-La1-O1 159.16(15) O5-La1-O1 87.94(15) O3-La1-O1 86.45(14) 
C1-O1-La1 118.1(3) C20-O2-La1 126.6(4) C21-O3-La1 119.8(3) 
C40-O4-La1 126.6(3) C41-O5-La1 118.5(3) C60-O6-La1 124.7(4) 
O1-C1-C2 115.5(3) O1-C1-C10 124.1(3) C2-C1-C10 120.0 
C1-C2-C3 120.0 C4-C3-C2 120.0 C3-C4-C9 120.0 
C3-C4-C5 120.0 C9-C4-C5 120.0 C6-C5-C4 120.0 
C5-C6-C7 120.0 C8-C7-C6 120.0 C7-C8-C9 120.0 
C10-C9-C4 120.0 C10-C9-C8 120.0 C4-C9-C8 120.0 
C9-C10-C1 120.0 C9-C10-C11 123.9(2) C1-C10-C11 114.4(2) 
C12-C11-C20 120.0 C12-C11-C10 124.3(3) C20-C11-C10 115.7(3) 
C13-C12-C11 120.0 C13-C12-C17 120.0 C11-C12-C17 120.0 
C12-C13-C14 120.0 C13-C14-C15 120.0 C16-C15-C14 120.0 
C15-C16-C17 120.0 C16-C17-C18 120.0 C16-C17-C12 120.0 
C18-C17-C12 120.0 C19-C18-C17 120.0 C18-C19-C20 120.0 
O2-C20-C19 115.2(3) O2-C20-C11 124.8(3) C19-C20-C11 120.0 
O3-C21-C30 123.7(3) O3-C21-C22 116.3(3) C30-C21-C22 120.0 
C21-C22-C23 120.0 C24-C23-C22 120.0 C23-C24-C25 120.0 
C23-C24-C29 120.0 C25-C24-C29 120.0 C24-C25-C26 120.0 
C27-C26-C25 120.0 C26-C27-C28 120.0 C29-C28-C27 120.0 
C24-C29-C28 120.0 C24-C29-C30 120.0 C28-C29-C30 120.0 
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C21-C30-C29 120.0 C21-C30-C31 115.8(2) C29-C30-C31 124.0(2) 
C40-C31-C32 120.0 C40-C31-C30 116.9(2) C32-C31-C30 122.9(2) 
C33-C32-C37 120.0 C33-C32-C31 120.0 C37-C32-C31 120.0 
C32-C33-C34 120.0 C35-C34-C33 120.0 C34-C35-C36 120.0 
C37-C36-C35 120.0 C36-C37-C38 120.0 C36-C37-C32 120.0 
C38-C37-C32 120.0 C39-C38-C37 120.0 C38-C39-C40 120.0 
O4-C40-C31 124.3(3) O4-C40-C39 115.7(3) C31-C40-C39 120.0 
O5-C41-C42 116.7(3) O5-C41-C50 123.2(3) C42-C41-C50 120.0 
C43-C42-C41 120.0 C44-C43-C42 120.0 C43-C44-C49 120.0 
C43-C44-C45 120.0 C49-C44-C45 120.0 C46-C45-C44 120.0 
C47-C46-C45 120.0 C46-C47-C48 120.0 C49-C48-C47 120.0 
C48-C49-C50 120.0 C48-C49-C44 120.0 C50-C49-C44 120.0 
C49-C50-C41 120.0 C49-C50-C51 122.8(2) C41-C50-C51 116.8(2) 
C60-C51-C52 120.0 C60-C51-C50 117.8(2) C52-C51-C50 122.2(2) 
C57-C52-C53 120.0 C57-C52-C51 120.0 C53-C52-C51 120.0 
C52-C53-C54 120.0 C55-C54-C53 120.0 C56-C55-C54 120.0 
C55-C56-C57 120.0 C58-C57-C52 120.0 C58-C57-C56 120.0 
C52-C57-C56 120.0 C59-C58-C57 120.0 C58-C59-C60 120.0 
O6-C60-C59 116.2(3) O6-C60-C51 123.8(3) C59-C60-C51 120.0 
C66-N1-C67 123.4(6) C66-N2-C61 119.1(8) C66-N2-C69 121.9(6) 
C61-N2-C69 119.0(7) N2-C61-C62 112.9(8) C61-C62-C63 111.3(11) 
C64-C63-C62 115.0(11) C63-C64-C65 112.8(10) C66-C65-C64 115.3(7) 
N1-C66-N2 121.0(6) N1-C66-C65 117.1(6) N2-C66-C65 121.7(6) 
N1-C67-C68 111.1(7) C67-C68-C69 108.2(6) N2-C69-C68 110.3(7) 
C75-N3-C76 115.6(13) C75-N4-C70 150.2(7) C75-N4-C78 110.7(10) 
C70-N4-C78 98.4(9) N4-C70-C71 98.2(10) C72-C71-C70 114.2(12) 
C73-C72-C71 122.4(15) C72-C73-C74 127.3(13) C75-C74-C73 113.7(7) 
N3-C75-N4 124.1(9) N3-C75-C74 119.0(8) N4-C75-C74 116.8(8) 
N3-C76-C77 130.6(15) C76-C77-C78 95.2(13) N4-C78-C77 133.8(12) 
C84-N5-C85 111.5(12) C84-N6-C79 133.4(12) C84-N6-C87 126.4(12) 
C79-N6-C87 99.2(11) N6-C79-C80 105.7(13) C79-C80-C81 156.8(19) 
C80-C81-C82 100.5(17) C83-C82-C81 137.5(16) C84-C83-C82 113.3(12) 
N6-C84-N5 122.0(11) N6-C84-C83 139.2(12) N5-C84-C83 94.8(9) 
N5-C85-C86 111.0(15) C85-C86-C87 106.5(16) N6-C87-C86 107.8(14) 
 
Table 8.4.20. Bond lengths for compound 8.2–Eu (Å). 
Eu1-O3  2.247(5) Eu1-O4  2.261(6) Eu1-O1  2.275(5) 
Eu1-O5  2.317(5) Eu1-O2  2.331(5) Eu1-O6  2.334(5) 
Eu1-C40  3.125(9) Eu1-C1  3.130(9) Eu1-C20  3.184(8) 
Eu1-C21  3.192(8) Eu1-C41  3.200(8) Eu1-C60  3.203(8) 
O1-C1  1.318(10) O2-C20  1.335(9) O3-C21  1.310(8) 
O4-C40  1.338(10) O5-C41  1.338(9) O6-C60  1.337(9) 
C1-C10  1.378(13) C1-C2  1.468(14) C2-C3  1.346(12) 
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C3-C4  1.422(14) C4-C5  1.401(14) C4-C9  1.424(15) 
C5-C6  1.393(16) C6-C7  1.404(16) C7-C8  1.345(13) 
C8-C9  1.414(13) C9-C10  1.437(13) C10-C11  1.483(13) 
C11-C12  1.401(12) C11-C20  1.419(12) C12-C17  1.417(12) 
C12-C13  1.425(11) C13-C14  1.359(13) C14-C15  1.388(14) 
C15-C16  1.355(12) C16-C17  1.398(12) C17-C18  1.444(12) 
C18-C19  1.356(11) C19-C20  1.405(11) C21-C30  1.404(11) 
C21-C22  1.415(11) C22-C23  1.347(11) C23-C24  1.452(10) 
C24-C25  1.417(10) C24-C29  1.419(10) C25-C26  1.371(10) 
C26-C27  1.385(11) C27-C28  1.375(10) C28-C29  1.428(10) 
C29-C30  1.439(11) C30-C31  1.500(12) C31-C40  1.386(13) 
C31-C32  1.436(13) C32-C33  1.413(12) C32-C37  1.431(13) 
C33-C34  1.378(11) C34-C35  1.381(14) C35-C36  1.337(15) 
C36-C37  1.424(14) C37-C38  1.403(14) C38-C39  1.364(14) 
C39-C40  1.402(13) C41-C50  1.400(11) C41-C42  1.421(11) 
C42-C43  1.374(12) C43-C44  1.390(13) C44-C45  1.412(13) 
C44-C49  1.444(12) C45-C46  1.394(16) C46-C47  1.410(15) 
C47-C48  1.374(12) C48-C49  1.405(12) C49-C50  1.440(12) 
C50-C51  1.496(10) C51-C60  1.383(11) C51-C52  1.430(11) 
C52-C53  1.428(12) C52-C57  1.430(12) C53-C54  1.373(12) 
C54-C55  1.417(14) C55-C56  1.363(13) C56-C57  1.410(11) 
C57-C58  1.402(11) C58-C59  1.367(12) C59-C60  1.430(12) 
N1-C66  1.309(10) N1-C67  1.472(10) N2-C66  1.330(10) 
N2-C69  1.455(10) N2-C61  1.473(11) C61-C62  1.539(13) 
C62-C63  1.536(11) C63-C64  1.549(12) C64-C65  1.555(11) 
C65-C66  1.482(12) C67-C68  1.536(11) C68-C69  1.505(12) 
N3-C75  1.295(10) N3-C76  1.472(10) N4-C75  1.324(10) 
N4-C70  1.443(10) N4-C78  1.477(11) C70-C71  1.489(12) 
C71-C72  1.505(13) C72-C73  1.507(12) C73-C74  1.524(11) 
C74-C75  1.501(11) C76-C77  1.513(11) C77-C78  1.501(12) 
N5-C84  1.287(12) N5-C85  1.461(11) N6-C84  1.329(11) 
N6-C79  1.447(14) N6-C87  1.469(10) C79-C80  1.480(18) 
C80-C81  1.524(15) C81-C82  1.519(14) C82-C83  1.531(13) 
C83-C84  1.512(12) C85-C86  1.516(11) C86-C87  1.505(13) 
O7-C88  1.402(15) O7-C91  1.418(16) C88-C89  1.562(17) 
C89-C90  1.514(16) C90-C91  1.487(17) O8-C92  1.349(18) 
O8-C95  1.373(17) C92-C93  1.402(19) C93-C94  1.475(18) 
C94-C95  1.53(2) O9-C96  1.45(2) O9-C99  1.51(2) 
C96-C97  1.38(3) C97-C98  1.49(2) C98-C99  1.52(3) 
 
Table 8.4.21 Bond angles for compound 8.2–Eu (
o
). 
O3-Eu1-O4 80.09(19) O3-Eu1-O1 92.8(2) O4-Eu1-O1 169.99(18) 
O3-Eu1-O5 96.67(18) O4-Eu1-O5 96.2(2) O1-Eu1-O5 91.6(2) 
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O3-Eu1-O2 94.96(19) O4-Eu1-O2 92.6(2) O1-Eu1-O2 81.0(2) 
O5-Eu1-O2 166.47(19) O3-Eu1-O6 167.2(2) O4-Eu1-O6 88.5(2) 
O1-Eu1-O6 99.2(2) O5-Eu1-O6 78.80(16) O2-Eu1-O6 91.20(17) 
O3-Eu1-C40 67.7(2) O4-Eu1-C40 22.1(2) O1-Eu1-C40 147.9(2) 
O5-Eu1-C40 115.0(2) O2-Eu1-C40 75.9(2) O6-Eu1-C40 103.2(3) 
O3-Eu1-C1 78.7(2) O4-Eu1-C1 148.4(2) O1-Eu1-C1 21.7(2) 
O5-Eu1-C1 109.3(3) O2-Eu1-C1 66.3(2) O6-Eu1-C1 114.0(3) 
C40-Eu1-C1 126.3(2) O3-Eu1-C20 111.5(2) O4-Eu1-C20 108.6(2) 
O1-Eu1-C20 67.3(2) O5-Eu1-C20 144.8(2) O2-Eu1-C20 21.72(18) 
O6-Eu1-C20 77.44(19) C40-Eu1-C20 95.5(2) C1-Eu1-C20 59.1(2) 
O3-Eu1-C21 19.49(17) O4-Eu1-C21 66.3(2) O1-Eu1-C21 108.4(2) 
O5-Eu1-C21 84.63(19) O2-Eu1-C21 108.38(19) O6-Eu1-C21 148.0(2) 
C40-Eu1-C21 59.9(3) C1-Eu1-C21 97.2(2) C20-Eu1-C21 127.8(2) 
O3-Eu1-C41 114.1(2) O4-Eu1-C41 110.2(2) O1-Eu1-C41 79.0(2) 
O5-Eu1-C41 21.26(19) O2-Eu1-C41 145.22(19) O6-Eu1-C41 64.54(19) 
C40-Eu1-C41 131.6(2) C1-Eu1-C41 99.8(2) C20-Eu1-C41 123.6(2) 
C21-Eu1-C41 104.8(2) O3-Eu1-C60 146.25(19) O4-Eu1-C60 73.6(2) 
O1-Eu1-C60 115.5(2) O5-Eu1-C60 66.2(2) O2-Eu1-C60 106.8(2) 
O6-Eu1-C60 21.4(2) C40-Eu1-C60 92.6(2) C1-Eu1-C60 133.4(2) 
C20-Eu1-C60 96.9(2) C21-Eu1-C60 126.8(2) C41-Eu1-C60 58.4(2) 
C1-O1-Eu1 118.8(5) C20-O2-Eu1 118.0(4) C21-O3-Eu1 125.6(4) 
C40-O4-Eu1 118.3(5) C41-O5-Eu1 119.8(5) C60-O6-Eu1 119.0(5) 
O1-C1-C10 124.3(9) O1-C1-C2 116.3(9) C10-C1-C2 119.2(9) 
O1-C1-Eu1 39.6(4) C10-C1-Eu1 109.8(6) C2-C1-Eu1 113.5(6) 
C3-C2-C1 120.4(10) C2-C3-C4 122.3(10) C5-C4-C3 122.1(11) 
C5-C4-C9 120.4(11) C3-C4-C9 117.5(9) C6-C5-C4 120.5(11) 
C5-C6-C7 118.0(11) C8-C7-C6 122.8(12) C7-C8-C9 120.6(11) 
C8-C9-C4 117.6(10) C8-C9-C10 121.2(11) C4-C9-C10 121.0(10) 
C1-C10-C9 119.5(10) C1-C10-C11 120.0(9) C9-C10-C11 120.6(9) 
C12-C11-C20 119.0(9) C12-C11-C10 123.9(9) C20-C11-C10 117.0(8) 
C11-C12-C17 122.2(8) C11-C12-C13 121.8(9) C17-C12-C13 116.0(8) 
C14-C13-C12 121.7(10) C13-C14-C15 120.7(9) C16-C15-C14 120.0(9) 
C15-C16-C17 120.7(9) C16-C17-C12 120.9(8) C16-C17-C18 121.9(9) 
C12-C17-C18 117.2(8) C19-C18-C17 119.6(8) C18-C19-C20 123.5(8) 
O2-C20-C19 119.9(8) O2-C20-C11 121.9(8) C19-C20-C11 118.2(8) 
O2-C20-Eu1 40.3(3) C19-C20-Eu1 118.6(5) C11-C20-Eu1 108.6(6) 
O3-C21-C30 122.6(7) O3-C21-C22 119.3(7) C30-C21-C22 118.0(8) 
O3-C21-Eu1 34.9(3) C30-C21-Eu1 108.5(5) C22-C21-Eu1 123.2(5) 
C23-C22-C21 123.6(7) C22-C23-C24 120.0(7) C25-C24-C29 121.2(7) 
C25-C24-C23 120.7(7) C29-C24-C23 117.9(7) C26-C25-C24 119.4(8) 
C25-C26-C27 120.5(8) C28-C27-C26 121.5(7) C27-C28-C29 120.6(7) 
C24-C29-C28 116.8(7) C24-C29-C30 120.3(7) C28-C29-C30 123.0(7) 
C21-C30-C29 119.9(8) C21-C30-C31 119.5(8) C29-C30-C31 120.5(7) 
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C40-C31-C32 118.9(9) C40-C31-C30 121.0(9) C32-C31-C30 120.0(9) 
C33-C32-C37 117.3(8) C33-C32-C31 123.1(8) C37-C32-C31 119.5(9) 
C34-C33-C32 121.2(9) C33-C34-C35 120.7(10) C36-C35-C34 120.2(10) 
C35-C36-C37 122.1(11) C38-C37-C36 122.8(11) C38-C37-C32 118.8(8) 
C36-C37-C32 118.4(11) C39-C38-C37 120.8(10) C38-C39-C40 121.4(10) 
O4-C40-C31 120.7(10) O4-C40-C39 118.8(10) C31-C40-C39 120.5(9) 
O4-C40-Eu1 39.6(4) C31-C40-Eu1 109.8(7) C39-C40-Eu1 116.1(7) 
O5-C41-C50 122.1(7) O5-C41-C42 118.2(8) C50-C41-C42 119.5(8) 
O5-C41-Eu1 38.9(3) C50-C41-Eu1 109.8(5) C42-C41-Eu1 113.9(6) 
C43-C42-C41 121.2(10) C42-C43-C44 121.2(9) C43-C44-C45 121.1(10) 
C43-C44-C49 119.6(9) C45-C44-C49 119.2(11) C46-C45-C44 119.2(11) 
C45-C46-C47 121.8(10) C48-C47-C46 119.2(11) C47-C48-C49 121.5(10) 
C48-C49-C50 122.2(9) C48-C49-C44 119.1(9) C50-C49-C44 118.7(9) 
C41-C50-C49 119.8(7) C41-C50-C51 119.6(7) C49-C50-C51 120.5(9) 
C60-C51-C52 120.5(8) C60-C51-C50 118.5(7) C52-C51-C50 121.0(7) 
C53-C52-C51 122.8(8) C53-C52-C57 117.9(8) C51-C52-C57 119.2(8) 
C54-C53-C52 121.4(9) C53-C54-C55 119.5(10) C56-C55-C54 120.8(10) 
C55-C56-C57 120.9(9) C58-C57-C56 121.4(8) C58-C57-C52 119.1(8) 
C56-C57-C52 119.4(8) C59-C58-C57 120.7(8) C58-C59-C60 121.4(9) 
O6-C60-C51 121.8(8) O6-C60-C59 119.3(8) C51-C60-C59 118.9(8) 
O6-C60-Eu1 39.6(3) C51-C60-Eu1 109.5(6) C59-C60-Eu1 117.2(6) 
C66-N1-C67 122.9(7) C66-N2-C69 122.0(7) C66-N2-C61 121.0(8) 
C69-N2-C61 117.0(7) N2-C61-C62 112.9(8) C63-C62-C61 111.7(9) 
C62-C63-C64 114.2(8) C63-C64-C65 111.9(8) C66-C65-C64 110.9(8) 
N1-C66-N2 121.3(8) N1-C66-C65 116.7(8) N2-C66-C65 121.9(8) 
N1-C67-C68 107.6(7) C69-C68-C67 108.6(7) N2-C69-C68 111.7(8) 
C75-N3-C76 122.5(7) C75-N4-C70 123.4(8) C75-N4-C78 119.0(8) 
C70-N4-C78 117.6(7) N4-C70-C71 112.7(7) C70-C71-C72 115.0(8) 
C71-C72-C73 114.8(8) C72-C73-C74 114.6(8) C75-C74-C73 113.4(7) 
N3-C75-N4 124.2(8) N3-C75-C74 117.3(8) N4-C75-C74 118.4(8) 
N3-C76-C77 106.7(7) C78-C77-C76 109.9(8) N4-C78-C77 111.6(7) 
C84-N5-C85 122.2(8) C84-N6-C79 122.4(8) C84-N6-C87 120.7(9) 
C79-N6-C87 116.5(8) N6-C79-C80 115.7(11) C79-C80-C81 114.6(11) 
C82-C81-C80 113.2(9) C81-C82-C83 113.9(10) C84-C83-C82 110.8(7) 
N5-C84-N6 123.5(9) N5-C84-C83 118.4(9) N6-C84-C83 117.8(9) 
N5-C85-C86 108.4(8) C87-C86-C85 109.7(7) N6-C87-C86 110.1(7) 
C88-O7-C91 111.4(12) O7-C88-C89 103.3(12) C90-C89-C88 104.6(11) 
C91-C90-C89 106.0(12) O7-C91-C90 106.8(12) C92-O8-C95 111.5(15) 
O8-C92-C93 112.2(15) C92-C93-C94 104.3(14) C93-C94-C95 104.9(13) 
O8-C95-C94 104.0(15) C96-O9-C99 95.0(19) C97-C96-O9 111.4(18) 
C96-C97-C98 103(2) C97-C98-C99 104(2) O9-C99-C98 101.2(19) 
 
Table 8.4.22. Bond lengths for compound 8.2–Yb (Å). 
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Yb1-O5  2.175(2) Yb1-O6  2.185(2) Yb1-O3  2.192(2) 
Yb1-O4  2.244(2) Yb1-O2  2.2473(19) Yb1-O1  2.248(2) 
Yb1-C60  3.042(3) Yb1-C21  3.058(3) Yb1-C1  3.113(3) 
Yb1-C40  3.113(3) Yb1-C20  3.119(3) Yb1-C41  3.123(3) 
O1-C1  1.330(4) O2-C20  1.327(4) O3-C21  1.333(4) 
O4-C40  1.331(4) O5-C41  1.306(4) O6-C60  1.310(4) 
C1-C10  1.395(5) C1-C2  1.435(4) C2-C3  1.366(5) 
C3-C4  1.400(6) C4-C5  1.424(5) C4-C9  1.438(5) 
C5-C6  1.358(7) C6-C7  1.404(7) C7-C8  1.368(6) 
C8-C9  1.415(6) C9-C10  1.434(4) C10-C11  1.482(4) 
C11-C20  1.400(5) C11-C12  1.433(4) C12-C13  1.419(5) 
C12-C17  1.421(5) C13-C14  1.364(5) C14-C15  1.407(6) 
C15-C16  1.363(6) C16-C17  1.416(5) C17-C18  1.421(5) 
C18-C19  1.357(5) C19-C20  1.428(5) C21-C30  1.391(5) 
C21-C22  1.438(5) C22-C23  1.343(5) C23-C24  1.417(6) 
C24-C25  1.407(5) C24-C29  1.437(6) C25-C26  1.370(6) 
C26-C27  1.403(7) C27-C28  1.367(6) C28-C29  1.413(5) 
C29-C30  1.443(5) C30-C31  1.487(5) C31-C40  1.402(4) 
C31-C32  1.433(5) C32-C37  1.424(5) C32-C33  1.429(5) 
C33-C34  1.363(5) C34-C35  1.398(7) C35-C36  1.358(6) 
C36-C37  1.428(5) C37-C38  1.418(5) C38-C39  1.365(5) 
C39-C40  1.426(5) C41-C50  1.399(4) C41-C42  1.430(4) 
C42-C43  1.364(5) C43-C44  1.421(5) C44-C45  1.417(5) 
C44-C49  1.437(4) C45-C46  1.366(5) C46-C47  1.404(5) 
C47-C48  1.370(5) C48-C49  1.419(4) C49-C50  1.429(4) 
C50-C51  1.490(4) C51-C60  1.402(5) C51-C52  1.435(5) 
C52-C53  1.414(5) C52-C57  1.437(5) C53-C54  1.383(5) 
C54-C55  1.408(6) C55-C56  1.355(7) C56-C57  1.415(5) 
C57-C58  1.418(6) C58-C59  1.358(5) C59-C60  1.431(5) 
N1-C66  1.312(5) N1-C67  1.454(4) N2-C66  1.329(4) 
N2-C69  1.466(4) N2-C61  1.472(5) C61-C62  1.493(9) 
C62-C63  1.522(7) C63-C64  1.524(6) C64-C65  1.521(6) 
C65-C66  1.499(5) C67-C68  1.513(5) C68-C69  1.515(5) 
N3-C75  1.312(4) N3-C76  1.459(4) N4-C75  1.331(4) 
N4-C78  1.461(5) N4-C70  1.474(5) C70-C71  1.516(6) 
C71-C72  1.534(6) C72-C73  1.528(6) C73-C74  1.538(5) 
C74-C75  1.497(5) C76-C77  1.520(5) C77-C78  1.505(5) 
N5-C84  1.307(4) N5-C85  1.452(5) N6-C84  1.324(4) 
N6-C79  1.467(5) N6-C87  1.474(5) C79-C80  1.511(6) 
C80-C81  1.519(6) C81-C82  1.517(6) C82-C83  1.541(5) 
C83-C84  1.489(5) C85-C86  1.515(5) C86-C87  1.517(6) 
O7-C88  1.363(7) O7-C91  1.377(8) C88-C89  1.545(8) 
C89-C90  1.505(8) C90-C91  1.485(9) O8-C92  1.329(9) 
700 
 
O8-C95  1.520(10) C92-C93  1.334(10) C93-C94  1.498(10) 
C94-C95  1.548(11) O9-C96  1.386(10) O9-C99  1.434(11) 
C96-C97  1.472(11) C97-C98  1.408(11) C98-C99  1.455(10) 
 
Table 8.4.23 Bond angles for compound 8.2–Yb (
o
). 
O5-Yb1-O6 82.24(8) O5-Yb1-O3 92.49(8) O6-Yb1-O3 172.53(8) 
O5-Yb1-O4 94.85(8) O6-Yb1-O4 91.90(8) O3-Yb1-O4 83.23(8) 
O5-Yb1-O2 169.09(8) O6-Yb1-O2 87.92(9) O3-Yb1-O2 97.72(10) 
O4-Yb1-O2 90.15(7) O5-Yb1-O1 95.60(8) O6-Yb1-O1 95.15(9) 
O3-Yb1-O1 90.62(9) O4-Yb1-O1 168.09(8) O2-Yb1-O1 80.55(7) 
O5-Yb1-C60 69.39(8) O6-Yb1-C60 22.17(8) O3-Yb1-C60 150.40(9) 
O4-Yb1-C60 75.56(8) O2-Yb1-C60 102.67(9) O1-Yb1-C60 113.61(9) 
O5-Yb1-C21 77.03(8) O6-Yb1-C21 149.95(9) O3-Yb1-C21 22.58(9) 
O4-Yb1-C21 68.71(9) O2-Yb1-C21 113.85(9) O1-Yb1-C21 108.22(9) 
C60-Yb1-C21 127.86(9) O5-Yb1-C1 113.11(8) O6-Yb1-C1 109.81(8) 
O3-Yb1-C1 77.10(9) O4-Yb1-C1 146.14(8) O2-Yb1-C1 65.91(8) 
O1-Yb1-C1 22.01(8) C60-Yb1-C1 130.99(8) C21-Yb1-C1 98.31(9) 
O5-Yb1-C40 110.98(8) O6-Yb1-C40 108.25(9) O3-Yb1-C40 68.63(9) 
O4-Yb1-C40 21.97(8) O2-Yb1-C40 76.56(8) O1-Yb1-C40 146.31(8) 
C60-Yb1-C40 95.44(9) C21-Yb1-C40 60.88(9) C1-Yb1-C40 124.30(8) 
O5-Yb1-C20 147.73(8) O6-Yb1-C20 72.83(8) O3-Yb1-C20 113.92(9) 
O4-Yb1-C20 105.93(8) O2-Yb1-C20 21.80(8) O1-Yb1-C20 67.29(8) 
C60-Yb1-C20 91.88(8) C21-Yb1-C20 133.33(8) C1-Yb1-C20 59.47(8) 
C40-Yb1-C20 96.33(8) O5-Yb1-C41 19.84(7) O6-Yb1-C41 67.76(8) 
O3-Yb1-C41 108.32(9) O4-Yb1-C41 108.04(8) O2-Yb1-C41 149.53(8) 
O1-Yb1-C41 83.56(8) C60-Yb1-C41 60.75(9) C21-Yb1-C41 95.76(9) 
C1-Yb1-C41 104.23(8) C40-Yb1-C41 127.32(8) C20-Yb1-C41 127.90(8) 
C1-O1-Yb1 118.66(18) C20-O2-Yb1 119.23(18) C21-O3-Yb1 118.28(19) 
C40-O4-Yb1 118.92(18) C41-O5-Yb1 125.72(19) C60-O6-Yb1 118.83(18) 
O1-C1-C10 122.3(3) O1-C1-C2 118.4(3) C10-C1-C2 119.2(3) 
O1-C1-Yb1 39.32(13) C10-C1-Yb1 110.7(2) C2-C1-Yb1 114.5(2) 
C3-C2-C1 120.9(4) C2-C3-C4 121.8(3) C3-C4-C5 122.8(4) 
C3-C4-C9 118.4(3) C5-C4-C9 118.7(4) C6-C5-C4 121.4(4) 
C5-C6-C7 120.1(4) C8-C7-C6 120.3(5) C7-C8-C9 121.9(4) 
C8-C9-C10 122.6(3) C8-C9-C4 117.5(3) C10-C9-C4 119.8(3) 
C1-C10-C9 119.7(3) C1-C10-C11 119.0(3) C9-C10-C11 121.0(3) 
C20-C11-C12 119.1(3) C20-C11-C10 118.3(3) C12-C11-C10 122.5(3) 
C13-C12-C17 117.7(3) C13-C12-C11 121.9(3) C17-C12-C11 120.4(3) 
C14-C13-C12 121.5(4) C13-C14-C15 120.5(4) C16-C15-C14 119.9(4) 
C15-C16-C17 121.0(4) C16-C17-C12 119.5(3) C16-C17-C18 122.0(3) 
C12-C17-C18 118.4(3) C19-C18-C17 121.1(3) C18-C19-C20 121.4(3) 
O2-C20-C11 122.1(3) O2-C20-C19 118.5(3) C11-C20-C19 119.4(3) 
O2-C20-Yb1 38.97(13) C11-C20-Yb1 109.6(2) C19-C20-Yb1 117.3(2) 
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O3-C21-C30 122.0(3) O3-C21-C22 118.9(3) C30-C21-C22 119.1(3) 
O3-C21-Yb1 39.14(13) C30-C21-Yb1 109.5(2) C22-C21-Yb1 116.1(2) 
C23-C22-C21 121.8(4) C22-C23-C24 121.6(3) C25-C24-C23 122.4(4) 
C25-C24-C29 119.3(4) C23-C24-C29 118.3(3) C26-C25-C24 121.1(4) 
C25-C26-C27 119.8(4) C28-C27-C26 120.9(4) C27-C28-C29 121.2(4) 
C28-C29-C24 117.8(3) C28-C29-C30 122.6(4) C24-C29-C30 119.6(3) 
C21-C30-C29 119.6(3) C21-C30-C31 120.1(3) C29-C30-C31 120.1(3) 
C40-C31-C32 119.2(3) C40-C31-C30 118.7(3) C32-C31-C30 121.9(3) 
C37-C32-C33 117.6(3) C37-C32-C31 120.6(3) C33-C32-C31 121.7(3) 
C34-C33-C32 121.1(4) C33-C34-C35 121.0(4) C36-C35-C34 120.1(4) 
C35-C36-C37 121.0(4) C38-C37-C32 118.7(3) C38-C37-C36 122.2(4) 
C32-C37-C36 119.1(3) C39-C38-C37 120.1(3) C38-C39-C40 122.6(3) 
O4-C40-C31 122.2(3) O4-C40-C39 119.1(3) C31-C40-C39 118.7(3) 
O4-C40-Yb1 39.11(13) C31-C40-Yb1 107.9(2) C39-C40-Yb1 119.4(2) 
O5-C41-C50 123.6(3) O5-C41-C42 118.1(3) C50-C41-C42 118.3(3) 
O5-C41-Yb1 34.44(14) C50-C41-Yb1 108.7(2) C42-C41-Yb1 122.6(2) 
C43-C42-C41 122.3(3) C42-C43-C44 120.6(3) C45-C44-C43 121.9(3) 
C45-C44-C49 119.8(3) C43-C44-C49 118.3(3) C46-C45-C44 120.9(3) 
C45-C46-C47 119.8(3) C48-C47-C46 120.8(3) C47-C48-C49 121.7(3) 
C48-C49-C50 123.1(3) C48-C49-C44 116.9(3) C50-C49-C44 120.0(3) 
C41-C50-C49 120.2(3) C41-C50-C51 119.3(3) C49-C50-C51 120.5(3) 
C60-C51-C52 119.1(3) C60-C51-C50 119.6(3) C52-C51-C50 121.2(3) 
C53-C52-C51 122.3(3) C53-C52-C57 117.8(3) C51-C52-C57 120.0(3) 
C54-C53-C52 121.4(4) C53-C54-C55 120.4(4) C56-C55-C54 119.4(4) 
C55-C56-C57 122.5(4) C56-C57-C58 122.7(4) C56-C57-C52 118.5(4) 
C58-C57-C52 118.8(3) C59-C58-C57 120.9(3) C58-C59-C60 121.5(3) 
O6-C60-C51 122.6(3) O6-C60-C59 117.7(3) C51-C60-C59 119.7(3) 
O6-C60-Yb1 39.00(13) C51-C60-Yb1 110.3(2) C59-C60-Yb1 116.0(2) 
C66-N1-C67 123.0(3) C66-N2-C69 121.6(3) C66-N2-C61 120.7(3) 
C69-N2-C61 117.4(3) N2-C61-C62 113.2(4) C61-C62-C63 113.9(5) 
C62-C63-C64 114.4(4) C65-C64-C63 114.1(4) C66-C65-C64 110.4(3) 
N1-C66-N2 121.8(3) N1-C66-C65 118.3(3) N2-C66-C65 119.7(3) 
N1-C67-C68 108.5(3) C67-C68-C69 109.7(3) N2-C69-C68 110.1(3) 
C75-N3-C76 122.7(3) C75-N4-C78 121.4(3) C75-N4-C70 122.0(3) 
C78-N4-C70 116.7(3) N4-C70-C71 113.1(4) C70-C71-C72 113.5(4) 
C73-C72-C71 115.0(4) C72-C73-C74 113.6(4) C75-C74-C73 112.2(3) 
N3-C75-N4 121.7(3) N3-C75-C74 118.3(3) N4-C75-C74 119.9(3) 
N3-C76-C77 108.4(3) C78-C77-C76 108.8(3) N4-C78-C77 110.9(3) 
C84-N5-C85 122.7(3) C84-N6-C79 121.9(3) C84-N6-C87 121.5(3) 
C79-N6-C87 116.5(3) N6-C79-C80 113.9(3) C79-C80-C81 113.4(3) 
C82-C81-C80 114.6(4) C81-C82-C83 115.0(3) C84-C83-C82 112.5(3) 
N5-C84-N6 121.9(3) N5-C84-C83 118.3(3) N6-C84-C83 119.8(3) 
N5-C85-C86 108.7(3) C85-C86-C87 108.8(3) N6-C87-C86 111.0(3) 
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C88-O7-C91 106.5(5) O7-C88-C89 106.4(5) C90-C89-C88 102.0(5) 
C91-C90-C89 104.0(5) O7-C91-C90 109.2(5) C92-O8-C95 114.3(7) 
O8-C92-C93 107.8(8) C92-C93-C94 110.8(9) C93-C94-C95 104.2(7) 
O8-C95-C94 98.8(7) C96-O9-C99 108.6(8) O9-C96-C97 101.7(9) 
C98-C97-C96 102.7(8) C97-C98-C99 101.2(8) O9-C99-C98 104.7(8) 
 
Table 8.4.24. Bond lengths for compound 8.2–Y (Å). 
Y1-O2  2.2025(18) Y1-O1  2.2177(17) Y1-O4  2.2287(17) 
Y1-O3  2.2692(17) Y1-O6  2.2701(16) Y1-O5  2.2788(16) 
O1-C1  1.318(3) O2-C20  1.314(3) O3-C21  1.328(3) 
O4-C40  1.320(3) O5-C41  1.326(3) O6-C60  1.332(3) 
C1-C10  1.412(4) C1-C2  1.427(4) C2-C3  1.350(4) 
C3-C4  1.409(4) C4-C5  1.423(4) C4-C9  1.430(4) 
C5-C6  1.359(5) C6-C7  1.403(5) C7-C8  1.382(4) 
C8-C9  1.417(4) C9-C10  1.425(4) C10-C11  1.487(3) 
C11-C20  1.403(3) C11-C12  1.432(3) C12-C13  1.422(3) 
C12-C17  1.431(3) C13-C14  1.366(3) C14-C15  1.413(4) 
C15-C16  1.355(4) C16-C17  1.415(4) C17-C18  1.424(4) 
C18-C19  1.353(4) C19-C20  1.429(4) C21-C30  1.392(4) 
C21-C22  1.436(4) C22-C23  1.363(4) C23-C24  1.416(4) 
C24-C25  1.425(4) C24-C29  1.426(4) C25-C26  1.360(5) 
C26-C27  1.399(5) C27-C28  1.363(4) C28-C29  1.427(4) 
C29-C30  1.428(4) C30-C31  1.494(4) C31-C40  1.398(4) 
C31-C32  1.429(4) C32-C33  1.419(4) C32-C37  1.437(4) 
C33-C34  1.376(4) C34-C35  1.409(5) C35-C36  1.367(5) 
C36-C37  1.410(4) C37-C38  1.403(4) C38-C39  1.356(4) 
C39-C40  1.435(4) C41-C50  1.402(4) C41-C42  1.425(4) 
C42-C43  1.360(4) C43-C44  1.412(4) C44-C49  1.416(4) 
C44-C45  1.422(4) C45-C46  1.360(5) C46-C47  1.401(5) 
C47-C48  1.356(4) C48-C49  1.430(4) C49-C50  1.430(4) 
C50-C51  1.490(3) C51-C60  1.390(4) C51-C52  1.426(4) 
C52-C53  1.418(4) C52-C57  1.441(4) C53-C54  1.375(4) 
C54-C55  1.387(6) C55-C56  1.369(6) C56-C57  1.421(4) 
C57-C58  1.394(5) C58-C59  1.359(4) C59-C60  1.432(4) 
N1-C66  1.318(4) N1-C67  1.449(4) N2-C66  1.327(4) 
N2-C69  1.461(4) N2-C61  1.470(4) C61-C62  1.526(5) 
C62-C63  1.532(5) C63-C64  1.515(5) C64-C65  1.542(4) 
C65-C66  1.492(4) C67-C68  1.524(4) C68-C69  1.496(5) 
N3-C75  1.297(4) N3-C76  1.462(3) N4-C75  1.332(3) 
N4-C78  1.466(4) N4-C70  1.487(5) C70-C71  1.469(7) 
C71-C72  1.531(6) C72-C73  1.520(5) C73-C74  1.526(5) 
C74-C75  1.500(4) C76-C77  1.511(4) C77-C78  1.513(4) 
N5-C84  1.315(3) N5-C85  1.453(4) N6-C84  1.323(3) 
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N6-C87  1.468(4) N6-C79  1.469(4) C79-C80  1.520(5) 
C80-C81  1.523(5) C81-C82  1.521(4) C82-C83  1.544(4) 
C83-C84  1.486(4) C85-C86  1.507(4) C86-C87  1.512(5) 
O7-C91  1.373(6) O7-C88  1.413(7) C88-C89  1.496(7) 
C89-C90  1.474(7) C90-C91  1.508(7) O8-C92  1.332(8) 
O8-C95  1.529(8) C92-C93  1.317(8) C93-C94  1.489(8) 
C94-C95  1.523(9) O9-C96  1.412(9) O9-C99  1.418(9) 
C96-C97  1.451(9) C97-C98  1.410(10) C98-C99  1.485(10) 
 
Table 8.4.25 Bond angles for compound 8.2–Y (
o
). 
O2-Y1-O1 81.82(6) O2-Y1-O4 92.31(6) O1-Y1-O4 171.56(6) 
O2-Y1-O3 94.81(7) O1-Y1-O3 92.04(6) O4-Y1-O3 82.36(6) 
O2-Y1-O6 95.97(6) O1-Y1-O6 95.54(6) O4-Y1-O6 91.08(6) 
O3-Y1-O6 167.60(6) O2-Y1-O5 168.34(6) O1-Y1-O5 87.79(6) 
O4-Y1-O5 98.56(7) O3-Y1-O5 90.81(6) O6-Y1-O5 79.71(6) 
C1-O1-Y1 118.69(14) C20-O2-Y1 125.68(15) C21-O3-Y1 118.68(15) 
C40-O4-Y1 118.48(14) C41-O5-Y1 119.51(14) C60-O6-Y1 118.98(14) 
O1-C1-C10 122.8(2) O1-C1-C2 118.2(2) C10-C1-C2 119.0(2) 
C3-C2-C1 121.6(3) C2-C3-C4 121.4(2) C3-C4-C5 122.6(3) 
C3-C4-C9 118.7(2) C5-C4-C9 118.8(3) C6-C5-C4 122.0(3) 
C5-C6-C7 119.5(3) C8-C7-C6 120.5(3) C7-C8-C9 121.5(3) 
C8-C9-C10 122.2(2) C8-C9-C4 117.7(2) C10-C9-C4 120.1(2) 
C1-C10-C9 119.2(2) C1-C10-C11 119.2(2) C9-C10-C11 121.5(2) 
C20-C11-C12 119.3(2) C20-C11-C10 119.9(2) C12-C11-C10 120.8(2) 
C13-C12-C17 116.8(2) C13-C12-C11 122.6(2) C17-C12-C11 120.6(2) 
C14-C13-C12 121.8(2) C13-C14-C15 120.6(2) C16-C15-C14 119.4(2) 
C15-C16-C17 121.6(2) C16-C17-C18 122.4(2) C16-C17-C12 119.7(2) 
C18-C17-C12 118.0(2) C19-C18-C17 120.8(2) C18-C19-C20 122.5(2) 
O2-C20-C11 123.1(2) O2-C20-C19 118.3(2) C11-C20-C19 118.6(2) 
O3-C21-C30 122.8(2) O3-C21-C22 118.8(2) C30-C21-C22 118.4(2) 
C23-C22-C21 122.0(3) C22-C23-C24 120.7(3) C23-C24-C25 122.2(3) 
C23-C24-C29 118.4(2) C25-C24-C29 119.4(3) C26-C25-C24 121.4(3) 
C25-C26-C27 119.2(3) C28-C27-C26 121.8(3) C27-C28-C29 120.9(3) 
C24-C29-C30 120.4(2) C24-C29-C28 117.3(3) C30-C29-C28 122.2(3) 
C21-C30-C29 120.0(2) C21-C30-C31 118.3(2) C29-C30-C31 121.6(2) 
C40-C31-C32 119.4(2) C40-C31-C30 119.6(2) C32-C31-C30 120.9(2) 
C33-C32-C31 122.1(3) C33-C32-C37 117.9(3) C31-C32-C37 120.0(3) 
C34-C33-C32 121.2(3) C33-C34-C35 120.5(3) C36-C35-C34 119.7(3) 
C35-C36-C37 121.7(3) C38-C37-C36 122.2(3) C38-C37-C32 118.8(3) 
C36-C37-C32 119.0(3) C39-C38-C37 121.0(3) C38-C39-C40 121.8(3) 
O4-C40-C31 122.4(2) O4-C40-C39 118.7(2) C31-C40-C39 118.9(3) 
O5-C41-C50 121.9(2) O5-C41-C42 118.9(2) C50-C41-C42 119.2(2) 
C43-C42-C41 121.2(2) C42-C43-C44 121.3(2) C43-C44-C49 118.6(2) 
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C43-C44-C45 121.8(3) C49-C44-C45 119.5(3) C46-C45-C44 120.4(3) 
C45-C46-C47 120.5(3) C48-C47-C46 120.7(3) C47-C48-C49 121.1(3) 
C44-C49-C50 120.3(2) C44-C49-C48 117.7(2) C50-C49-C48 121.9(3) 
C41-C50-C49 119.3(2) C41-C50-C51 118.2(2) C49-C50-C51 122.5(2) 
C60-C51-C52 119.8(2) C60-C51-C50 119.2(2) C52-C51-C50 120.7(2) 
C53-C52-C51 122.7(3) C53-C52-C57 117.5(3) C51-C52-C57 119.8(3) 
C54-C53-C52 121.7(3) C53-C54-C55 120.4(4) C56-C55-C54 120.5(3) 
C55-C56-C57 121.2(3) C58-C57-C56 122.7(3) C58-C57-C52 118.5(3) 
C56-C57-C52 118.7(3) C59-C58-C57 121.4(3) C58-C59-C60 121.5(3) 
O6-C60-C51 122.4(2) O6-C60-C59 118.6(3) C51-C60-C59 119.0(2) 
C66-N1-C67 122.6(2) C66-N2-C69 121.7(3) C66-N2-C61 121.7(3) 
C69-N2-C61 116.6(3) N2-C61-C62 113.4(3) C61-C62-C63 112.8(3) 
C64-C63-C62 114.9(3) C63-C64-C65 114.0(3) C66-C65-C64 112.1(3) 
N1-C66-N2 121.4(3) N1-C66-C65 118.1(3) N2-C66-C65 120.4(3) 
N1-C67-C68 109.0(2) C69-C68-C67 109.0(3) N2-C69-C68 111.3(3) 
C75-N3-C76 123.1(2) C75-N4-C78 121.7(2) C75-N4-C70 120.6(3) 
C78-N4-C70 117.2(2) C71-C70-N4 113.8(4) C70-C71-C72 114.4(4) 
C73-C72-C71 114.6(3) C72-C73-C74 114.1(3) C75-C74-C73 110.1(3) 
N3-C75-N4 121.9(3) N3-C75-C74 118.5(2) N4-C75-C74 119.5(3) 
N3-C76-C77 108.7(2) C78-C77-C76 109.7(2) N4-C78-C77 110.3(2) 
C84-N5-C85 122.8(2) C84-N6-C87 121.6(2) C84-N6-C79 121.6(2) 
C87-N6-C79 116.8(2) N6-C79-C80 113.2(3) C79-C80-C81 112.9(3) 
C82-C81-C80 114.4(3) C81-C82-C83 114.0(3) C84-C83-C82 112.5(2) 
N5-C84-N6 121.6(3) N5-C84-C83 118.4(2) N6-C84-C83 120.0(2) 
N5-C85-C86 108.3(2) C85-C86-C87 109.2(3) N6-C87-C86 110.9(2) 
C91-O7-C88 105.6(5) O7-C88-C89 107.5(5) C90-C89-C88 104.9(5) 
C89-C90-C91 103.5(4) O7-C91-C90 107.2(5) C92-O8-C95 111.3(6) 
C93-C92-O8 111.8(6) C92-C93-C94 109.6(7) C93-C94-C95 105.5(6) 
C94-C95-O8 100.1(6) C96-O9-C99 109.6(7) O9-C96-C97 103.3(7) 
C98-C97-C96 101.9(8) C97-C98-C99 100.3(8) O9-C99-C98 98.5(7) 
 
Table 8.4.26. Bond lengths for compound 8.3–La (Å). 
La1-O3#1  2.330(6) La1-O3  2.330(6) La1-O2  2.422(5) 
La1-O2#1  2.422(5) La1-O1#1  2.443(6) La1-O1  2.443(6) 
O1-C1  1.288(6) O2-C20  1.365(6) O3-C21  1.328(7) 
C1-C10  1.3745 C1-C2  1.4151 C2-C3  1.3744 
C3-C4  1.4198 C4-C5  1.4198 C4-C9  1.4320 
C5-C6  1.3745 C6-C7  1.4152 C7-C8  1.3744 
C8-C9  1.4198 C9-C10  1.4198 C10-C11  1.518(4) 
C11-C20  1.3745 C11-C12  1.4198 C12-C13  1.4198 
C12-C17  1.4319 C13-C14  1.3745 C14-C15  1.4152 
C15-C16  1.3745 C16-C17  1.4198 C17-C18  1.4198 
C18-C19  1.3745 C19-C20  1.4151 C21-C30  1.3744 
705 
 
C21-C22  1.4152 C22-C23  1.3745 C23-C24  1.4198 
C24-C25  1.4198 C24-C29  1.4320 C25-C26  1.3744 
C26-C27  1.4152 C27-C28  1.3744 C28-C29  1.4198 
C29-C30  1.4198 C30-C30#1  1.481(10) La2-O6#2  2.353(12) 
La2-O6  2.353(12) La2-O4#2  2.380(12) La2-O4  2.380(12) 
La2-O5#2  2.386(9) La2-O5  2.386(9) O4-C31  1.473(15) 
O5-C50  1.302(9) O6-C51  1.298(12) C31-C40  1.3745 
C31-C32  1.4152 C32-C33  1.3745 C33-C34  1.4198 
C34-C35  1.4198 C34-C39  1.4319 C35-C36  1.3744 
C36-C37  1.4151 C37-C38  1.3745 C38-C39  1.4198 
C39-C40  1.4198 C40-C41  1.521(9) C41-C50  1.3744 
C41-C42  1.4198 C42-C43  1.4198 C42-C47  1.4320 
C43-C44  1.3745 C44-C45  1.4151 C45-C46  1.3744 
C46-C47  1.4198 C47-C48  1.4198 C48-C49  1.3745 
C49-C50  1.4152 C51-C60  1.3744 C51-C52  1.4151 
C52-C53  1.3745 C53-C54  1.4198 C54-C55  1.4199 
C54-C59  1.4320 C55-C56  1.3745 C56-C57  1.4151 
C57-C58  1.3745 C58-C59  1.4198 C59-C60  1.4198 
C60-C60#2  1.41(2) N1-C61  1.316(7) N1-C62  1.463(8) 
N2-C61  1.338(6) N2-C64  1.456(8) N2-C65  1.463(7) 
N3-C61  1.313(7) N3-C67  1.462(7) C62-C63  1.522(8) 
C63-C64  1.486(8) C65-C66  1.519(8) C66-C67  1.521(7) 
N4-C68  1.305(7) N4-C69  1.451(9) N5-C68  1.332(8) 
N5-C71#1  1.427(9) N5-C71  1.427(9) C68-N4#1  1.305(7) 
C69-C70  1.502(9) C70-C71  1.490(9) N6-C72  1.338(9) 
N6-C73  1.445(9) N7-C72  1.341(8) N7-C75  1.441(9) 
N7-C76  1.453(9) N8-C72  1.317(9) N8-C78  1.458(9) 
C73-C74  1.515(9) C74-C75  1.509(10) C76-C77  1.498(9) 
C77-C78  1.502(9) N9-C79  1.334(10) N9-C80  1.460(10) 
N10-C79  1.340(9) N10-C79#2  1.340(9) N11-C79  1.343(9) 
N11-C82  1.453(10) N11-C83  1.458(9) C80-C81  1.524(10) 
C81-C82  1.520(10) C83-C84#2  1.458(9) C83-N11#2  1.458(9) 
 
Table 8.4.27 Bond angles for compound 8.3–La (
o
). 
O3#1-La1-O3 76.6(2) O3#1-La1-O2 111.7(2) O3-La1-O2 88.54(18) 
O3#1-La1-O2#1 88.54(18) O3-La1-O2#1 111.7(2) O2-La1-O2#1 154.6(2) 
O3#1-La1-O1#1 95.85(19) O3-La1-O1#1 164.2(2) O2-La1-O1#1 81.35(18) 
O2#1-La1-O1#1 81.5(2) O3#1-La1-O1 164.2(2) O3-La1-O1 95.85(19) 
O2-La1-O1 81.5(2) O2#1-La1-O1 81.35(18) O1#1-La1-O1 94.6(3) 
C1-O1-La1 115.6(4) C20-O2-La1 120.6(3) C21-O3-La1 126.7(4) 
O1-C1-C10 123.3(4) O1-C1-C2 115.9(4) C10-C1-C2 120.3 
C3-C2-C1 120.3 C2-C3-C4 120.9 C5-C4-C3 122.4 
C5-C4-C9 118.8 C3-C4-C9 118.8 C6-C5-C4 120.9 
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C5-C6-C7 120.3 C8-C7-C6 120.3 C7-C8-C9 120.9 
C8-C9-C10 122.4 C8-C9-C4 118.8 C10-C9-C4 118.8 
C1-C10-C9 120.9 C1-C10-C11 118.3(2) C9-C10-C11 120.5(2) 
C20-C11-C12 120.9 C20-C11-C10 118.4(2) C12-C11-C10 120.7(2) 
C11-C12-C13 122.3 C11-C12-C17 118.8 C13-C12-C17 118.8 
C14-C13-C12 120.9 C13-C14-C15 120.3 C16-C15-C14 120.3 
C15-C16-C17 120.9 C18-C17-C16 122.3 C18-C17-C12 118.8 
C16-C17-C12 118.8 C19-C18-C17 120.9 C18-C19-C20 120.3 
O2-C20-C11 124.2(3) O2-C20-C19 115.6(3) C11-C20-C19 120.3 
O3-C21-C30 124.2(5) O3-C21-C22 115.4(5) C30-C21-C22 120.3 
C23-C22-C21 120.3 C22-C23-C24 120.9 C23-C24-C25 122.3 
C23-C24-C29 118.8 C25-C24-C29 118.8 C26-C25-C24 120.9 
C25-C26-C27 120.3 C28-C27-C26 120.3 C27-C28-C29 120.9 
C30-C29-C28 122.4 C30-C29-C24 118.8 C28-C29-C24 118.8 
C21-C30-C29 120.9 C21-C30-C30#1 118.4(3) C29-C30-C30#1 120.1(3) 
O6#2-La2-O6 74.8(6) O6#2-La2-O4#2 164.4(4) O6-La2-O4#2 91.2(5) 
O6#2-La2-O4 91.2(5) O6-La2-O4 164.4(4) O4#2-La2-O4 103.5(7) 
O6#2-La2-O5#2 94.9(4) O6-La2-O5#2 97.4(4) O4#2-La2-O5#2 79.9(3) 
O4-La2-O5#2 90.6(3) O6#2-La2-O5 97.4(4) O6-La2-O5 94.9(4) 
O4#2-La2-O5 90.6(3) O4-La2-O5 79.9(3) O5#2-La2-O5 164.6(4) 
C31-O4-La2 117.6(5) C50-O5-La2 119.6(6) C51-O6-La2 119.4(7) 
C40-C31-C32 120.3 C40-C31-O4 117.0(7) C32-C31-O4 122.1(7) 
C33-C32-C31 120.3 C32-C33-C34 120.9 C33-C34-C35 122.3 
C33-C34-C39 118.8 C35-C34-C39 118.8 C36-C35-C34 120.9 
C35-C36-C37 120.3 C38-C37-C36 120.3 C37-C38-C39 120.9 
C40-C39-C38 122.3 C40-C39-C34 118.8 C38-C39-C34 118.8 
C31-C40-C39 120.9 C31-C40-C41 118.8(4) C39-C40-C41 120.2(4) 
C50-C41-C42 120.9 C50-C41-C40 116.5(4) C42-C41-C40 122.5(4) 
C41-C42-C43 122.4 C41-C42-C47 118.8 C43-C42-C47 118.8 
C44-C43-C42 120.9 C43-C44-C45 120.3 C46-C45-C44 120.3 
C45-C46-C47 120.9 C48-C47-C46 122.3 C48-C47-C42 118.8 
C46-C47-C42 118.8 C49-C48-C47 120.9 C48-C49-C50 120.3 
O5-C50-C41 127.1(7) O5-C50-C49 112.6(7) C41-C50-C49 120.3 
O6-C51-C60 127.4(11) O6-C51-C52 112.3(11) C60-C51-C52 120.3 
C53-C52-C51 120.3 C52-C53-C54 120.9 C53-C54-C55 122.3 
C53-C54-C59 118.8 C55-C54-C59 118.8 C56-C55-C54 120.9 
C55-C56-C57 120.3 C58-C57-C56 120.3 C57-C58-C59 120.9 
C60-C59-C58 122.4 C60-C59-C54 118.8 C58-C59-C54 118.8 
C51-C60-C60#2 115.5(7) C51-C60-C59 120.9 C60#2-C60-C59 123.5(7) 
C61-N1-C62 121.0(7) C61-N2-C64 121.9(6) C61-N2-C65 120.6(6) 
C64-N2-C65 117.1(5) C61-N3-C67 123.0(6) N3-C61-N1 116.2(6) 
N3-C61-N2 121.3(6) N1-C61-N2 122.3(7) N1-C62-C63 107.0(7) 
C64-C63-C62 110.1(8) N2-C64-C63 109.0(6) N2-C65-C66 111.0(6) 
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C65-C66-C67 107.6(6) N3-C67-C66 108.6(6) C68-N4-C69 124.7(7) 
C68-N5-C71#1 121.1(6) C68-N5-C71 121.1(6) C71#1-N5-C71 117.8(12) 
N4#1-C68-N4 119.3(9) N4#1-C68-N5 120.4(5) N4-C68-N5 120.4(5) 
N4-C69-C70 116.0(10) C71-C70-C69 112.7(11) N5-C71-C70 116.1(11) 
C72-N6-C73 121.1(11) C72-N7-C75 118.6(11) C72-N7-C76 121.4(10) 
C75-N7-C76 114.7(10) C72-N8-C78 126.3(10) N8-C72-N6 118.6(9) 
N8-C72-N7 114.4(10) N6-C72-N7 126.9(11) N6-C73-C74 111.9(12) 
C75-C74-C73 116.7(14) N7-C75-C74 111.6(12) N7-C76-C77 110.5(10) 
C76-C77-C78 103.3(11) N8-C78-C77 114.4(12) C79-N9-C80 120.9(19) 
C79-N10-C79#2 122.6(18) C79-N11-C82 116.3(16) C79-N11-C83 116.8(16) 
C82-N11-C83 125.9(15) N9-C79-N10 112.5(13) N9-C79-N11 125.8(14) 
N10-C79-N11 120.9(15) N9-C80-C81 116(2) C82-C81-C80 108(2) 
N11-C82-C81 123(2) N11-C83-C84#2 118.0(19) N11-C83-N11#2 118.0(19) 
C84#2-C83-N11#2 0.0(6)     
 
Table 8.4.28. Bond lengths for compound 8.4–La (Å). 
La1-O1#1  2.389(2) La1-O1  2.389(2) La1-O3#1  2.393(3) 
La1-O3  2.393(3) La1-O2  2.396(2) La1-O2#1  2.396(2) 
O1-C1  1.343(4) O2-C20  1.331(4) O3-C21  1.338(5) 
C1-C10  1.392(5) C1-C2  1.421(5) C2-C3  1.351(5) 
C3-C4  1.418(5) C4-C5  1.415(5) C4-C9  1.442(5) 
C5-C6  1.357(5) C6-C7  1.402(5) C7-C8  1.368(5) 
C8-C9  1.421(5) C9-C10  1.415(5) C10-C11  1.502(4) 
C11-C20  1.399(5) C11-C12  1.429(5) C12-C13  1.405(5) 
C12-C17  1.426(5) C13-C14  1.360(5) C14-C15  1.385(6) 
C15-C16  1.385(7) C16-C17  1.432(6) C17-C18  1.414(6) 
C18-C19  1.343(5) C19-C20  1.423(5) C21-C30  1.365(6) 
C21-C22  1.434(5) C22-C23  1.363(7) C23-C24  1.379(7) 
C24-C29  1.425(6) C24-C25  1.439(7) C25-C26  1.311(10) 
C26-C27  1.397(11) C27-C28  1.370(8) C28-C29  1.420(7) 
C29-C30  1.434(6) C30-C30#1  1.498(7) N1-C31  1.347(4) 
N2-C31  1.323(4) N2-C32  1.429(4) N3-C31  1.329(4) 
N3-C38  1.434(5) C32-C33  1.386(5) C32-C37  1.390(5) 
C33-C34  1.381(5) C34-C35  1.381(6) C35-C36  1.381(6) 
C36-C37  1.403(5) C38-C39  1.375(5) C38-C43  1.388(5) 
C39-C40  1.378(5) C40-C41  1.375(7) C41-C42  1.377(8) 
C42-C43  1.413(7) N4-C44  1.390(9) N5-C44  1.342(5) 
N5-C45  1.434(5) N5-C45'  1.434(5) C44-N5#1  1.342(5) 
C45-C50  1.3948 C45-C46  1.3951 C46-C47  1.3949 
C47-C48  1.3952 C48-C49  1.3950 C49-C50  1.3948 
C45'-C46'  1.3948 C45'-C50'  1.3949 C46'-C47'  1.3952 




Table 8.4.29 Bond angles for compound 8.4–La (
o
). 
O1#1-La1-O1 86.95(11) O1#1-La1-O3#1 97.75(8) O1-La1-O3#1 173.33(8) 
O1#1-La1-O3 173.33(8) O1-La1-O3 97.75(8) O3#1-La1-O3 77.97(12) 
O1#1-La1-O2 86.13(8) O1-La1-O2 77.63(7) O3#1-La1-O2 107.30(8) 
O3-La1-O2 90.25(8) O1#1-La1-O2#1 77.63(8) O1-La1-O2#1 86.13(8) 
O3#1-La1-O2#1 90.25(8) O3-La1-O2#1 107.30(8) O2-La1-O2#1 157.61(11) 
C1-O1-La1 117.0(2) C20-O2-La1 121.38(19) C21-O3-La1 118.5(2) 
O1-C1-C10 122.1(3) O1-C1-C2 118.6(3) C10-C1-C2 119.2(3) 
C3-C2-C1 122.5(3) C2-C3-C4 120.2(3) C5-C4-C3 122.4(3) 
C5-C4-C9 119.4(3) C3-C4-C9 118.2(3) C6-C5-C4 122.0(3) 
C5-C6-C7 119.5(3) C8-C7-C6 120.5(3) C7-C8-C9 122.5(3) 
C10-C9-C8 123.6(3) C10-C9-C4 120.3(3) C8-C9-C4 116.2(3) 
C1-C10-C9 119.5(3) C1-C10-C11 119.4(3) C9-C10-C11 121.0(3) 
C20-C11-C12 119.8(3) C20-C11-C10 118.7(3) C12-C11-C10 121.5(3) 
C13-C12-C11 123.3(3) C13-C12-C17 117.5(3) C11-C12-C17 119.2(3) 
C14-C13-C12 122.6(4) C13-C14-C15 120.9(4) C14-C15-C16 119.4(4) 
C15-C16-C17 120.8(4) C18-C17-C16 122.1(4) C18-C17-C12 119.0(3) 
C16-C17-C12 118.8(4) C19-C18-C17 121.0(3) C18-C19-C20 121.9(3) 
O2-C20-C11 122.4(3) O2-C20-C19 118.6(3) C11-C20-C19 118.9(3) 
O3-C21-C30 123.5(3) O3-C21-C22 117.2(4) C30-C21-C22 119.3(4) 
C23-C22-C21 121.0(5) C22-C23-C24 121.4(4) C23-C24-C29 118.6(4) 
C23-C24-C25 123.3(5) C29-C24-C25 118.2(6) C26-C25-C24 122.3(6) 
C25-C26-C27 120.1(6) C28-C27-C26 121.2(7) C27-C28-C29 120.6(6) 
C28-C29-C24 117.6(4) C28-C29-C30 122.3(4) C24-C29-C30 120.1(4) 
C21-C30-C29 119.5(4) C21-C30-C30#1 119.2(3) C29-C30-C30#1 121.3(3) 
C31-N2-C32 125.5(3) C31-N3-C38 124.1(3) N2-C31-N3 119.0(3) 
N2-C31-N1 120.2(3) N3-C31-N1 120.8(3) C33-C32-C37 120.8(3) 
C33-C32-N2 121.0(3) C37-C32-N2 118.2(3) C34-C33-C32 119.1(4) 
C35-C34-C33 120.9(4) C34-C35-C36 120.3(3) C35-C36-C37 119.6(4) 
C32-C37-C36 119.2(4) C39-C38-C43 120.5(4) C39-C38-N3 120.9(3) 
C43-C38-N3 118.6(4) C38-C39-C40 120.6(4) C41-C40-C39 120.4(5) 
C40-C41-C42 119.5(4) C41-C42-C43 120.9(4) C38-C43-C42 118.1(5) 
C44-N5-C45 116.0(4) C44-N5-C45' 134.7(4) C45-N5-C45' 19.0(4) 
N5#1-C44-N5 119.3(6) N5#1-C44-N4 110.0(4) N5-C44-N4 125.7(4) 
C50-C45-C46 120.0 C50-C45-N5 113.3(4) C46-C45-N5 126.1(4) 
C47-C46-C45 120.0 C46-C47-C48 120.0 C49-C48-C47 120.0 
C50-C49-C48 120.0 C45-C50-C49 120.0 C46'-C45'-C50' 120.0 
C46'-C45'-N5 118.1(4) C50'-C45'-N5 121.7(4) C45'-C46'-C47' 120.0 
C48'-C47'-C46' 120.0 C49'-C48'-C47' 120.0 C50'-C49'-C48' 120.0 
C45'-C50'-C49' 120.0     
 
Table 8.4.30. Bond lengths for compound 8.5–La (Å). 
La1-O1  2.3375(17) La1-O3  2.3853(18) La1-O10  2.4497(19) 
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La1-O7  2.4671(17) La1-O2  2.4725(18) La1-O8  2.5537(18) 
La1-O11  2.706(2) La2-O9  2.3609(19) La2-O4  2.372(2) 
La2-O8  2.4135(19) La2-O6  2.4139(18) La2-O5  2.419(2) 
La2-O10  2.4919(19) O1-C1  1.316(3) O2-C20  1.327(3) 
O3-C21  1.308(3) O4-C40  1.325(4) O5-C41  1.336(4) 
O6-C60  1.336(3) O7-C61  1.337(3) O8-C80  1.344(3) 
O9-C81  1.330(4) O10-C100  1.345(3) C1-C10  1.400(4) 
C1-C2  1.430(4) C2-C3  1.356(4) C3-C4  1.408(4) 
C4-C5  1.418(4) C4-C9  1.436(4) C5-C6  1.361(5) 
C6-C7  1.409(5) C7-C8  1.362(4) C8-C9  1.419(4) 
C9-C10  1.431(4) C10-C11  1.495(4) C11-C20  1.397(4) 
C11-C12  1.443(4) C12-C13  1.416(5) C12-C17  1.428(4) 
C13-C14  1.366(5) C14-C15  1.413(7) C15-C16  1.356(7) 
C16-C17  1.418(5) C17-C18  1.406(5) C18-C19  1.349(5) 
C19-C20  1.433(4) C21-C30  1.401(4) C21-C22  1.436(4) 
C22-C23  1.362(4) C23-C24  1.409(4) C24-C25  1.406(4) 
C24-C29  1.428(4) C25-C26  1.364(5) C26-C27  1.386(5) 
C27-C28  1.369(4) C28-C29  1.427(4) C29-C30  1.421(4) 
C30-C31  1.486(3) C31-C40  1.392(4) C31-C32  1.432(4) 
C32-C33  1.409(5) C32-C37  1.434(5) C33-C34  1.388(5) 
C34-C35  1.395(9) C35-C36  1.322(10) C36-C37  1.431(6) 
C37-C38  1.404(7) C38-C39  1.350(6) C39-C40  1.426(4) 
C41-C50  1.396(4) C41-C42  1.434(4) C42-C43  1.350(5) 
C43-C44  1.409(5) C44-C49  1.427(4) C44-C45  1.428(6) 
C45-C46  1.338(7) C46-C47  1.424(6) C47-C48  1.376(5) 
C48-C49  1.420(5) C49-C50  1.426(5) C50-C51  1.503(4) 
C51-C60  1.394(4) C51-C52  1.421(4) C52-C53  1.422(4) 
C52-C57  1.425(4) C53-C54  1.373(5) C54-C55  1.410(5) 
C55-C56  1.356(5) C56-C57  1.409(4) C57-C58  1.423(4) 
C58-C59  1.358(5) C59-C60  1.423(4) C61-C70  1.388(4) 
C61-C62  1.423(4) C62-C63  1.361(4) C63-C64  1.411(5) 
C64-C65  1.408(4) C64-C69  1.417(4) C65-C66  1.375(6) 
C66-C67  1.385(6) C67-C68  1.373(4) C68-C69  1.424(4) 
C69-C70  1.435(4) C70-C71  1.488(4) C71-C80  1.384(4) 
C71-C72  1.428(4) C72-C77  1.408(5) C72-C73  1.426(4) 
C73-C74  1.378(4) C74-C75  1.392(6) C75-C76  1.357(6) 
C76-C77  1.430(5) C77-C78  1.422(5) C78-C79  1.364(4) 
C79-C80  1.419(4) C81-C90  1.386(4) C81-C82  1.425(4) 
C82-C83  1.365(5) C83-C84  1.403(5) C84-C85  1.421(4) 
C84-C89  1.430(4) C85-C86  1.371(6) C86-C87  1.406(5) 
C87-C88  1.368(4) C88-C89  1.424(4) C89-C90  1.433(4) 
C90-C91  1.493(3) C91-C100  1.386(4) C91-C92  1.427(4) 
C92-C97  1.418(4) C92-C93  1.424(4) C93-C94  1.374(4) 
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C94-C95  1.387(6) C95-C96  1.373(6) C96-C97  1.413(5) 
C97-C98  1.419(5) C98-C99  1.362(5) C99-C100  1.420(4) 
N1-C101  1.470(4) N1-C104  1.492(4) C101-C102  1.504(8) 
C102-C103  1.372(9) C103-C104  1.492(6) N2-C105  1.494(4) 
N2-C108  1.495(5) C105-C106  1.524(5) C106-C107  1.521(6) 
C107-C108  1.361(7) N3-C112  1.453(5) N3-C109  1.477(4) 
C109-C110  1.526(5) C110-C111  1.504(6) C111-C112  1.499(6) 
N4-C116  1.490(5) N4-C113  1.497(4) C113-C114  1.517(7) 
C114-C115  1.485(8) C115-C116  1.511(6) O12-C117  1.395(9) 
O12-C120  1.399(7) C117-C118  1.455(12) C118-C119  1.514(12) 
C119-C120  1.467(8) O13-C121  1.386(6) O13-C124  1.428(7) 
C121-C122  1.524(7) C122-C123  1.454(8) C123-C124  1.544(8) 
 
Table 8.4.31 Bond angles for compound 8.5–La (
o
). 
O1-La1-O3 90.64(7) O1-La1-O10 158.98(6) O3-La1-O10 89.08(7) 
O1-La1-O7 73.44(6) O3-La1-O7 135.29(6) O10-La1-O7 120.12(6) 
O1-La1-O2 75.95(6) O3-La1-O2 78.20(6) O10-La1-O2 83.43(6) 
O7-La1-O2 133.65(6) O1-La1-O8 130.74(6) O3-La1-O8 85.76(6) 
O10-La1-O8 70.19(6) O7-La1-O8 75.24(6) O2-La1-O8 149.30(6) 
O1-La1-O11 92.36(7) O3-La1-O11 154.67(7) O10-La1-O11 79.30(7) 
O7-La1-O11 69.30(7) O2-La1-O11 78.16(7) O8-La1-O11 110.74(7) 
O9-La2-O4 152.33(7) O9-La2-O8 101.27(7) O4-La2-O8 95.61(7) 
O9-La2-O6 79.32(7) O4-La2-O6 87.68(7) O8-La2-O6 170.33(6) 
O9-La2-O5 119.03(7) O4-La2-O5 82.30(8) O8-La2-O5 90.35(6) 
O6-La2-O5 81.06(6) O9-La2-O10 75.00(6) O4-La2-O10 89.89(7) 
O8-La2-O10 71.82(6) O6-La2-O10 117.37(6) O5-La2-O10 159.79(6) 
C1-O1-La1 133.85(15) C20-O2-La1 116.61(15) C21-O3-La1 148.07(17) 
C40-O4-La2 140.75(18) C41-O5-La2 105.82(17) C60-O6-La2 128.79(15) 
C61-O7-La1 127.43(15) C80-O8-La2 137.49(16) C80-O8-La1 111.32(15) 
La2-O8-La1 106.43(7) C81-O9-La2 131.90(17) C100-O10-La1 142.64(16) 
C100-O10-La2 109.24(15) La1-O10-La2 107.26(7) O1-C1-C10 122.9(2) 
O1-C1-C2 118.3(2) C10-C1-C2 118.9(2) C3-C2-C1 122.3(3) 
C2-C3-C4 120.5(3) C3-C4-C5 121.8(3) C3-C4-C9 118.9(2) 
C5-C4-C9 119.3(3) C6-C5-C4 122.0(3) C5-C6-C7 118.7(3) 
C8-C7-C6 121.3(3) C7-C8-C9 121.8(3) C8-C9-C10 123.1(3) 
C8-C9-C4 116.9(3) C10-C9-C4 120.0(2) C1-C10-C9 119.4(2) 
C1-C10-C11 121.1(2) C9-C10-C11 119.4(2) C20-C11-C12 117.8(2) 
C20-C11-C10 121.0(2) C12-C11-C10 121.2(2) C13-C12-C17 118.1(3) 
C13-C12-C11 121.9(3) C17-C12-C11 120.0(3) C14-C13-C12 121.1(4) 
C13-C14-C15 120.5(4) C16-C15-C14 120.1(3) C15-C16-C17 121.1(4) 
C18-C17-C16 121.6(3) C18-C17-C12 119.3(3) C16-C17-C12 119.2(3) 
C19-C18-C17 120.8(3) C18-C19-C20 121.3(3) O2-C20-C11 122.6(3) 
O2-C20-C19 117.4(3) C11-C20-C19 120.0(3) O3-C21-C30 122.8(2) 
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O3-C21-C22 119.5(2) C30-C21-C22 117.7(2) C23-C22-C21 122.1(3) 
C22-C23-C24 121.2(2) C25-C24-C23 122.5(3) C25-C24-C29 119.4(3) 
C23-C24-C29 118.1(2) C26-C25-C24 121.9(3) C25-C26-C27 119.1(3) 
C28-C27-C26 121.7(3) C27-C28-C29 120.8(3) C30-C29-C28 122.3(3) 
C30-C29-C24 120.5(2) C28-C29-C24 117.1(3) C21-C30-C29 120.3(2) 
C21-C30-C31 120.7(2) C29-C30-C31 118.9(2) C40-C31-C32 119.4(3) 
C40-C31-C30 121.3(2) C32-C31-C30 119.2(2) C33-C32-C31 121.9(3) 
C33-C32-C37 118.8(3) C31-C32-C37 119.3(3) C34-C33-C32 120.1(4) 
C33-C34-C35 121.2(5) C36-C35-C34 119.4(4) C35-C36-C37 123.4(5) 
C38-C37-C36 123.6(4) C38-C37-C32 119.4(3) C36-C37-C32 117.0(5) 
C39-C38-C37 120.5(3) C38-C39-C40 122.0(4) O4-C40-C31 122.3(2) 
O4-C40-C39 118.4(3) C31-C40-C39 119.3(3) O5-C41-C50 123.2(3) 
O5-C41-C42 118.5(3) C50-C41-C42 118.2(3) C43-C42-C41 122.0(3) 
C42-C43-C44 120.9(3) C43-C44-C49 118.9(3) C43-C44-C45 123.0(3) 
C49-C44-C45 117.9(4) C46-C45-C44 122.8(3) C45-C46-C47 119.8(4) 
C48-C47-C46 119.5(4) C47-C48-C49 121.7(3) C48-C49-C50 122.2(3) 
C48-C49-C44 118.2(3) C50-C49-C44 119.5(3) C41-C50-C49 120.3(3) 
C41-C50-C51 119.6(3) C49-C50-C51 120.0(3) C60-C51-C52 119.5(2) 
C60-C51-C50 119.7(2) C52-C51-C50 120.7(2) C51-C52-C53 122.0(3) 
C51-C52-C57 120.5(2) C53-C52-C57 117.5(3) C54-C53-C52 120.8(3) 
C53-C54-C55 120.8(3) C56-C55-C54 119.9(3) C55-C56-C57 120.9(3) 
C56-C57-C58 121.8(3) C56-C57-C52 120.1(3) C58-C57-C52 118.1(3) 
C59-C58-C57 121.0(3) C58-C59-C60 121.3(3) O6-C60-C51 122.0(2) 
O6-C60-C59 118.5(2) C51-C60-C59 119.5(2) O7-C61-C70 121.3(2) 
O7-C61-C62 119.2(3) C70-C61-C62 119.4(2) C63-C62-C61 121.3(3) 
C62-C63-C64 121.0(3) C65-C64-C63 121.4(3) C65-C64-C69 120.0(3) 
C63-C64-C69 118.6(3) C66-C65-C64 120.6(3) C65-C66-C67 119.7(3) 
C68-C67-C66 121.6(3) C67-C68-C69 120.2(3) C64-C69-C68 117.9(3) 
C64-C69-C70 120.1(3) C68-C69-C70 122.0(3) C61-C70-C69 119.3(2) 
C61-C70-C71 118.1(2) C69-C70-C71 122.4(2) C80-C71-C72 119.3(3) 
C80-C71-C70 121.0(2) C72-C71-C70 119.3(2) C77-C72-C73 118.0(3) 
C77-C72-C71 120.4(3) C73-C72-C71 121.5(3) C74-C73-C72 120.7(3) 
C73-C74-C75 120.6(3) C76-C75-C74 120.6(3) C75-C76-C77 120.4(4) 
C72-C77-C78 118.6(3) C72-C77-C76 119.7(3) C78-C77-C76 121.8(3) 
C79-C78-C77 120.7(3) C78-C79-C80 120.9(3) O8-C80-C71 122.0(3) 
O8-C80-C79 118.0(2) C71-C80-C79 119.9(2) O9-C81-C90 122.1(3) 
O9-C81-C82 118.2(3) C90-C81-C82 119.7(3) C83-C82-C81 120.6(3) 
C82-C83-C84 121.5(3) C83-C84-C85 122.5(3) C83-C84-C89 119.0(3) 
C85-C84-C89 118.5(3) C86-C85-C84 122.2(3) C85-C86-C87 119.0(3) 
C88-C87-C86 120.8(3) C87-C88-C89 121.5(3) C88-C89-C84 117.9(3) 
C88-C89-C90 123.0(2) C84-C89-C90 119.0(3) C81-C90-C89 120.2(2) 
C81-C90-C91 119.4(2) C89-C90-C91 120.3(2) C100-C91-C92 119.2(2) 
C100-C91-C90 119.8(2) C92-C91-C90 121.0(2) C97-C92-C93 117.7(3) 
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C97-C92-C91 120.4(3) C93-C92-C91 121.8(3) C94-C93-C92 121.2(3) 
C93-C94-C95 120.5(3) C96-C95-C94 120.2(3) C95-C96-C97 120.9(3) 
C96-C97-C92 119.4(3) C96-C97-C98 122.0(3) C92-C97-C98 118.5(3) 
C99-C98-C97 120.6(3) C98-C99-C100 121.3(3) O10-C100-C91 122.1(2) 
O10-C100-C99 118.1(3) C91-C100-C99 119.9(2) C101-N1-C104 108.2(3) 
N1-C101-C102 102.3(4) C103-C102-C101 110.5(4) C102-C103-C104 109.5(4) 
C103-C104-N1 103.4(4) C105-N2-C108 107.1(3) N2-C105-C106 105.2(3) 
C107-C106-C105 104.1(3) C108-C107-C106 109.8(5) C107-C108-N2 106.3(4) 
C112-N3-C109 109.1(3) N3-C109-C110 103.5(3) C111-C110-C109 102.7(3) 
C112-C111-C110 102.0(4) N3-C112-C111 105.9(3) C116-N4-C113 108.6(3) 
N4-C113-C114 103.7(3) C115-C114-C113 103.6(3) C114-C115-C116 105.3(4) 
N4-C116-C115 105.0(4) C117-O12-C120 106.1(5) O12-C117-C118 105.5(8) 
C117-C118-C119 106.7(9) C120-C119-C118 100.6(7) O12-C120-C119 111.6(5) 
C121-O13-C124 102.0(6) O13-C121-C122 107.7(6) C123-C122-C121 104.6(7) 
C122-C123-C124 92.1(8) O13-C124-C123 106.7(8)   
 
Table 8.4.32. Bond lengths for compound 8.6–La (Å). 
La1-O5  2.3622(19) La1-O1  2.3933(19) La1-O3  2.3976(18) 
La1-O2  2.4191(18) La1-O7  2.4428(18) La1-O4  2.4769(18) 
La1-C20  3.128(4) La2-O9  2.3447(19) La2-O6  2.4040(19) 
La2-O4  2.4411(17) La2-O8  2.4482(17) La2-O10  2.4688(18) 
La2-O7  2.5470(18) La2-O11  2.649(2) O1-C1  1.336(3) 
O2-C20  1.322(4) O3-C21  1.341(4) O4-C40  1.346(3) 
O5-C41  1.328(3) O6-C60  1.315(3) O7-C61  1.351(3) 
O8-C80  1.335(3) O9-C81  1.319(3) O10-C100  1.346(4) 
C1-C10  1.395(4) C1-C2  1.422(4) C2-C3  1.370(4) 
C3-C4  1.407(4) C4-C5  1.417(4) C4-C9  1.433(4) 
C5-C6  1.365(5) C6-C7  1.397(5) C7-C8  1.362(4) 
C8-C9  1.424(4) C9-C10  1.431(4) C10-C11  1.498(4) 
C11-C20  1.417(5) C11-C12  1.423(4) C12-C17  1.423(4) 
C12-C13  1.426(4) C13-C14  1.362(4) C14-C15  1.415(5) 
C15-C16  1.362(5) C16-C17  1.402(4) C17-C18  1.417(5) 
C18-C19  1.364(4) C19-C20  1.415(4) C21-C30  1.389(4) 
C21-C22  1.424(4) C22-C23  1.344(4) C23-C24  1.411(5) 
C24-C25  1.412(5) C24-C29  1.442(4) C25-C26  1.359(5) 
C26-C27  1.401(5) C27-C28  1.370(4) C28-C29  1.416(4) 
C29-C30  1.431(4) C30-C31  1.500(4) C31-C40  1.392(4) 
C31-C32  1.429(4) C32-C33  1.421(4) C32-C37  1.425(4) 
C33-C34  1.366(4) C34-C35  1.408(5) C35-C36  1.353(5) 
C36-C37  1.427(4) C37-C38  1.419(4) C38-C39  1.356(4) 
C39-C40  1.415(4) C41-C50  1.387(4) C41-C42  1.438(4) 
C42-C43  1.369(4) C43-C44  1.404(5) C44-C49  1.420(4) 
C44-C45  1.433(5) C45-C46  1.344(5) C46-C47  1.412(5) 
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C47-C48  1.362(4) C48-C49  1.416(4) C49-C50  1.440(3) 
C50-C51  1.493(3) C51-C60  1.393(4) C51-C52  1.424(4) 
C52-C57  1.417(4) C52-C53  1.433(4) C53-C54  1.366(4) 
C54-C55  1.402(5) C55-C56  1.358(5) C56-C57  1.422(4) 
C57-C58  1.410(4) C58-C59  1.353(4) C59-C60  1.441(4) 
C61-C70  1.385(4) C61-C62  1.409(4) C62-C63  1.355(4) 
C63-C64  1.418(4) C64-C69  1.414(4) C64-C65  1.424(4) 
C65-C66  1.352(4) C66-C67  1.401(4) C67-C68  1.370(4) 
C68-C69  1.426(4) C69-C70  1.443(4) C70-C71  1.488(4) 
C71-C80  1.391(4) C71-C72  1.437(4) C72-C73  1.418(4) 
C72-C77  1.422(4) C73-C74  1.363(4) C74-C75  1.415(4) 
C75-C76  1.363(5) C76-C77  1.414(4) C77-C78  1.419(5) 
C78-C79  1.358(4) C79-C80  1.425(4) C81-C90  1.394(4) 
C81-C82  1.439(4) C82-C83  1.355(4) C83-C84  1.418(4) 
C84-C89  1.423(4) C84-C85  1.423(4) C85-C86  1.361(5) 
C86-C87  1.401(5) C87-C88  1.368(4) C88-C89  1.428(4) 
C89-C90  1.434(4) C90-C91  1.505(4) C91-C100  1.383(5) 
C91-C92  1.436(4) C92-C93  1.412(4) C92-C97  1.432(4) 
C93-C94  1.367(5) C94-C95  1.404(5) C95-C96  1.357(5) 
C96-C97  1.411(4) C97-C98  1.408(5) C98-C99  1.354(5) 
C99-C100  1.435(5) N1-C105  1.464(4) N1-C101  1.465(4) 
C101-C102  1.540(6) C102-C103  1.491(7) C103-C104  1.500(7) 
C104-C105  1.459(6) N2-C110  1.488(4) N2-C106  1.492(4) 
C106-C107  1.504(4) C107-C108  1.519(5) C108-C109  1.521(5) 
C109-C110  1.521(5) N3-C111  1.484(4) N3-C115  1.496(4) 
C111-C112  1.512(5) C112-C113  1.517(4) C113-C114  1.521(5) 
C114-C115  1.508(5) N4-C120  1.483(4) N4-C116  1.498(5) 
C116-C117  1.503(5) C117-C118  1.515(5) C118-C119  1.506(6) 
C119-C120  1.519(5) O12-C124  1.408(6) O12-C121  1.416(6) 
C121-C122’  1.518(9) C121-C122  1.534(8) C122-C123  1.509(8) 
C122’-C123  1.548(9) C123-C124  1.357(8) O13-C125  1.407(5) 
O13-C128  1.426(4) C125-C126  1.505(7) C125-C126’  1.520(9) 
C126-C127  1.525(8) C126’-C127  1.531(9) C127-C128  1.476(6) 
 
Table 8.4.33 Bond angles for compound 8.6–La (
o
). 
O5-La1-O1 87.75(7) O5-La1-O3 148.23(6) O1-La1-O3 79.63(6) 
O5-La1-O2 83.08(6) O1-La1-O2 76.03(6) O3-La1-O2 121.05(6) 
O5-La1-O7 102.56(6) O1-La1-O7 160.21(6) O3-La1-O7 98.75(6) 
O2-La1-O7 88.34(6) O5-La1-O4 91.85(6) O1-La1-O4 126.67(6) 
O3-La1-O4 73.38(6) O2-La1-O4 156.68(6) O7-La1-O4 70.50(6) 
O5-La1-C20 104.05(8) O1-La1-C20 67.13(8) O3-La1-C20 97.70(8) 
O2-La1-C20 23.40(7) O7-La1-C20 93.77(8) O4-La1-C20 159.92(8) 
O9-La2-O6 92.00(7) O9-La2-O4 161.98(6) O6-La2-O4 86.30(6) 
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O9-La2-O8 73.70(6) O6-La2-O8 135.98(6) O4-La2-O8 119.21(6) 
O9-La2-O10 76.67(6) O6-La2-O10 76.84(6) O4-La2-O10 85.49(6) 
O8-La2-O10 135.45(6) O9-La2-O7 128.52(6) O6-La2-O7 87.04(6) 
O4-La2-O7 69.36(6) O8-La2-O7 71.98(6) O10-La2-O7 151.00(6) 
O9-La2-O11 95.40(7) O6-La2-O11 154.00(7) O4-La2-O11 79.02(6) 
O8-La2-O11 69.95(6) O10-La2-O11 80.68(6) O7-La2-O11 107.26(6) 
C1-O1-La1 132.53(16) C20-O2-La1 110.00(18) C21-O3-La1 130.17(17) 
C40-O4-La2 142.33(16) C40-O4-La1 108.45(15) La2-O4-La1 107.80(6) 
C41-O5-La1 147.22(16) C60-O6-La2 142.30(18) C61-O7-La1 132.26(16) 
C61-O7-La2 116.83(15) La1-O7-La2 105.55(6) C80-O8-La2 130.11(16) 
C81-O9-La2 134.21(16) C100-O10-La2 113.19(18) O1-C1-C10 121.6(2) 
O1-C1-C2 118.1(3) C10-C1-C2 120.2(2) C3-C2-C1 120.9(3) 
C2-C3-C4 121.0(3) C3-C4-C5 121.8(3) C3-C4-C9 118.8(2) 
C5-C4-C9 119.4(3) C6-C5-C4 121.2(3) C5-C6-C7 119.8(3) 
C8-C7-C6 120.8(3) C7-C8-C9 121.9(3) C8-C9-C10 123.0(2) 
C8-C9-C4 116.9(3) C10-C9-C4 120.1(3) C1-C10-C9 119.0(2) 
C1-C10-C11 119.9(2) C9-C10-C11 121.0(2) C20-C11-C12 119.5(3) 
C20-C11-C10 119.4(3) C12-C11-C10 121.1(3) C11-C12-C17 120.3(3) 
C11-C12-C13 122.6(3) C17-C12-C13 117.1(3) C14-C13-C12 121.7(3) 
C13-C14-C15 120.5(3) C16-C15-C14 119.2(3) C15-C16-C17 121.8(3) 
C16-C17-C18 121.4(3) C16-C17-C12 119.7(3) C18-C17-C12 118.8(3) 
C19-C18-C17 120.5(3) C18-C19-C20 122.3(3) O2-C20-C19 118.4(3) 
O2-C20-C11 123.0(3) C19-C20-C11 118.5(3) O2-C20-La1 46.61(14) 
C19-C20-La1 108.1(2) C11-C20-La1 110.7(2) O3-C21-C30 122.5(3) 
O3-C21-C22 118.2(3) C30-C21-C22 119.3(3) C23-C22-C21 121.5(3) 
C22-C23-C24 121.9(3) C23-C24-C25 123.4(3) C23-C24-C29 118.0(3) 
C25-C24-C29 118.6(3) C26-C25-C24 122.2(3) C25-C26-C27 119.6(3) 
C28-C27-C26 120.4(3) C27-C28-C29 121.9(3) C28-C29-C30 123.3(3) 
C28-C29-C24 117.3(3) C30-C29-C24 119.4(3) C21-C30-C29 120.0(2) 
C21-C30-C31 118.8(2) C29-C30-C31 121.2(2) C40-C31-C32 118.8(2) 
C40-C31-C30 118.8(2) C32-C31-C30 122.3(2) C33-C32-C37 117.7(2) 
C33-C32-C31 122.1(3) C37-C32-C31 120.2(2) C34-C33-C32 120.9(3) 
C33-C34-C35 121.1(3) C36-C35-C34 119.9(3) C35-C36-C37 120.9(3) 
C38-C37-C32 118.7(2) C38-C37-C36 121.8(3) C32-C37-C36 119.4(3) 
C39-C38-C37 120.4(3) C38-C39-C40 121.7(3) O4-C40-C31 121.7(2) 
O4-C40-C39 118.0(3) C31-C40-C39 120.2(2) O5-C41-C50 121.9(2) 
O5-C41-C42 119.3(2) C50-C41-C42 118.7(2) C43-C42-C41 121.0(3) 
C42-C43-C44 121.7(3) C43-C44-C49 118.4(3) C43-C44-C45 123.4(3) 
C49-C44-C45 118.2(3) C46-C45-C44 121.8(3) C45-C46-C47 120.1(3) 
C48-C47-C46 119.7(3) C47-C48-C49 122.2(3) C48-C49-C44 117.9(3) 
C48-C49-C50 122.0(2) C44-C49-C50 120.1(3) C41-C50-C49 120.1(2) 
C41-C50-C51 121.6(2) C49-C50-C51 118.2(2) C60-C51-C52 120.0(2) 
C60-C51-C50 120.7(2) C52-C51-C50 119.3(2) C57-C52-C51 120.8(3) 
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C57-C52-C53 117.3(3) C51-C52-C53 121.9(3) C54-C53-C52 121.4(3) 
C53-C54-C55 120.7(3) C56-C55-C54 119.5(3) C55-C56-C57 121.8(3) 
C58-C57-C52 117.9(3) C58-C57-C56 122.8(3) C52-C57-C56 119.2(3) 
C59-C58-C57 121.6(3) C58-C59-C60 121.5(3) O6-C60-C51 123.2(3) 
O6-C60-C59 118.7(3) C51-C60-C59 118.1(3) O7-C61-C70 122.6(2) 
O7-C61-C62 117.5(3) C70-C61-C62 119.9(2) C63-C62-C61 121.8(3) 
C62-C63-C64 120.8(3) C69-C64-C63 118.4(2) C69-C64-C65 119.3(2) 
C63-C64-C65 122.3(3) C66-C65-C64 121.4(3) C65-C66-C67 119.7(3) 
C68-C67-C66 120.9(3) C67-C68-C69 120.9(3) C64-C69-C68 117.7(2) 
C64-C69-C70 120.1(2) C68-C69-C70 122.1(2) C61-C70-C69 118.9(2) 
C61-C70-C71 121.7(2) C69-C70-C71 119.1(2) C80-C71-C72 119.4(2) 
C80-C71-C70 118.1(2) C72-C71-C70 122.3(2) C73-C72-C77 117.4(3) 
C73-C72-C71 122.6(2) C77-C72-C71 120.0(3) C74-C73-C72 122.0(3) 
C73-C74-C75 120.0(3) C76-C75-C74 119.9(3) C75-C76-C77 121.0(3) 
C76-C77-C78 121.9(3) C76-C77-C72 119.7(3) C78-C77-C72 118.4(3) 
C79-C78-C77 121.2(3) C78-C79-C80 121.2(3) O8-C80-C71 121.0(2) 
O8-C80-C79 119.4(2) C71-C80-C79 119.6(3) O9-C81-C90 123.3(2) 
O9-C81-C82 117.9(2) C90-C81-C82 118.7(2) C83-C82-C81 122.3(3) 
C82-C83-C84 120.4(3) C83-C84-C89 118.6(2) C83-C84-C85 121.3(3) 
C89-C84-C85 120.1(3) C86-C85-C84 121.1(3) C85-C86-C87 119.4(3) 
C88-C87-C86 121.2(3) C87-C88-C89 121.6(3) C84-C89-C88 116.7(2) 
C84-C89-C90 120.7(2) C88-C89-C90 122.5(2) C81-C90-C89 119.2(2) 
C81-C90-C91 120.9(2) C89-C90-C91 119.9(2) C100-C91-C92 118.3(3) 
C100-C91-C90 120.6(3) C92-C91-C90 121.1(3) C93-C92-C97 117.0(3) 
C93-C92-C91 122.6(3) C97-C92-C91 120.3(3) C94-C93-C92 121.7(3) 
C93-C94-C95 120.7(3) C96-C95-C94 119.6(3) C95-C96-C97 121.3(3) 
C98-C97-C96 121.8(3) C98-C97-C92 118.5(3) C96-C97-C92 119.7(3) 
C99-C98-C97 121.1(3) C98-C99-C100 120.8(3) O10-C100-C91 123.2(3) 
O10-C100-C99 116.4(3) C91-C100-C99 120.3(3) C105-N1-C101 113.3(3) 
N1-C101-C102 109.8(3) C103-C102-C101 111.5(3) C102-C103-C104 111.0(3) 
C105-C104-C103 110.2(4) C104-C105-N1 111.7(3) C110-N2-C106 112.1(2) 
N2-C106-C107 109.3(3) C106-C107-C108 110.1(3) C107-C108-C109 109.3(3) 
C110-C109-C108 112.0(3) N2-C110-C109 109.2(3) C111-N3-C115 112.0(2) 
N3-C111-C112 110.0(2) C111-C112-C113 112.1(3) C112-C113-C114 109.6(3) 
C115-C114-C113 110.7(3) N3-C115-C114 110.1(3) C120-N4-C116 112.9(3) 
N4-C116-C117 110.8(3) C116-C117-C118 111.9(3) C119-C118-C117 109.6(3) 
C118-C119-C120 112.8(3) N4-C120-C119 109.5(3) C124-O12-C121 107.3(4) 
O12-C121-C122’ 98.4(8) O12-C121-C122 103.1(5) C122’-C121-C122 53.6(8) 
C123-C122-C121 99.1(6) C121-C122’-C123 98.1(7) C124-C123-C122 101.9(7) 
C124-C123-C122’ 101.3(8) C122-C123-C122’ 53.5(8) C123-C124-O12 110.4(6) 
C125-O13-C128 107.8(3) O13-C125-C126 105.8(4) O13-C125-C126’ 106.2(5) 
C126-C125-C126’ 22.4(6) C125-C126-C127 103.6(5) C125-C126’-C127 102.6(7) 
C128-C127-C126 106.1(4) C128-C127-C126’ 98.8(6) C126-C127-C126’ 22.2(6) 
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O13-C128-C127 104.2(3)     
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